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ABSTRACT 
Despite growing interest in the use of stainless steel in the construction industry and 
the development of a number of national and regional design codes, stainless steel is 
often regarded as only suitable for specialised applications. This is attributed largely 
to the high initial material cost associated with the most commonly adopted austenitic 
grades of stainless steel, as well as some conservatism embedded in current stainless 
steel guidance. A recently developed grade, known as lean duplex stainless steel (EN 
1.4162), possesses higher strength than the common austenitic grades and has a lower 
cost, along with good corrosion resistance and adequate weldability and fracture 
toughness. The structural performance of lean duplex stainless steel remains relatively 
unexplored to date with only a few studies having been performed. The main aim of 
this study is to examine the structural behaviour of lean duplex stainless steel welded 
I-sections, and to assess the applicability of the current European stainless steel design 
guidance.   
 
As part of this research, a total of fifty two material tests, four stub column tests, eight 
3-point and 4-point bending tests, eight continuous beam tests and nine shear buckling 
tests were carried out. The experimental programme was complemented by a parallel 
numerical investigation, in which finite element models were initially validated 
against the test results and subsequently used for parametric studies. These test and 
numerical results were used in conjunction with existing test data on stainless steel 
welded I-sections to characterise the basic material properties, assess the codified 
slenderness limits for cross-section classification, investigate the applicability of 
plastic design to indeterminate stainless steel structures, and establish new shear 
resistance design equations for stainless steel plate girders.  
 
Based on the findings, it was concluded that the present European design provisions 
can be safely applied to lean duplex but are rather conservative in some areas. To 
rectify this, modifications have been proposed for cross-section classification, plastic 
design and shear resistance calculations. These proposals, together with additional 
developments to the strain based continuous strength method of design, are suitable 
for incorporation into future revisions of Eurocode 3. 
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NOTATION 
 
pl
ln    logarithmic plastic strain  
p    non-dimensional local plate slenderness 
wλ    non-dimensional web slendernesses 
A   gross cross-sectional area 
a   shear panel length 
a/hw   web panel aspect ratio 
Ac   cross-sectional area of the coupon 
Aw   web area 
Aw,m   mean value of the web area 
b   average ratio of experimental to model resistance based on a least  
  squares fit to the test data (Chapter 6) 
b   overall flange width 
bs   width of the stiffeners  
c   flat element width 
CHS   circular hollow section 
NOTATION 
12 
 
COV  coefficient of variation 
CSM   continuous strength method 
ctest   measured horizontal dimension from the support stiffener to the plastic  
  hinge that formed in the flange at collapse 
e   distance between the end post and the internal stiffener over the  
  support 
E   Young’s modulus 
E0.2  tangent modulus at 0.2% offset strain 
EHS   elliptical hollow section 
Esh   strain hardening slope  
Fcoll   theoretical total plastic collapse load  
FE   finite element 
Fh1   theoretical total load corresponding to the formation of the first plastic  
  hinge at the central support 
Fpred   predicted ultimate load calculated according to conventional plastic  
  analysis 
Fu   total ultimate test load 
Fu,FE   numerical ultimate load 
Fu,test   experimental ultimate load 
fyf   yield strength of the flange 
fτw   independent variable equal to fyw/√   
G   shear modulus 
grt(X)   resistance function 
Gsh   shear strain hardening modulus  
hw   web depth 
NOTATION 
13 
 
I   second moment of area  
kd,n   design (ultimate limit state) fractile factor for n tests 
L   specimen length 
LVDT  linear variable displacement transducer 
M   applied moment 
Mc,Rd   cross-section bending resistance 
Mcsm,Rd  bending resistance according to CSM 
MEd   design bending moment 
Meff,Rd   bending resistance of the effective section 
Mel   elastic moment capacity 
Mf,csm,Rd  moment resistance of the flanges alone according to CSM 
Mf,Rd   design plastic moment of resistance of a cross-section consisting of the  
  flanges only  
Mpl   plastic moment capacity 
Mu   ultimate bending moment 
Mu,test   test ultimate bending moment 
n   population of test data under consideration (Chapter 6) 
n   strain hardening exponents used in Ramberg-Osgood model 
n’0.2,1.0  strain hardening exponents used in Ramberg-Osgood model 
Nu   ultimate load achieved by the stub columns 
Ny   yield load  
R   rotation capacity  
RHS   rectangular hollow section 
R-O   Ramberg-Osgood 
SHS   square hollow section 
NOTATION 
14 
 
t   element thickness 
tf   thickness of the flange 
ts   thickness of the stiffeners 
tw   thickness of the web 
U   utilization ratio  
VAw   coefficient of variation of the web area 
Vb,csm,Rd  CSM total shear resistance  
Vb,Rd   codified total shear buckling resistance  
Vbf,csm,Rd  flange contribution to shear resistance according to the CSM 
Vbf,Rd   flange contribution to shear resistance 
Vbw,csm,Rd  CSM web shear resistance  
Vbw,Rd   codified web shear resistance 
Vcr   elastic critical shear buckling load of the web 
Vr   combined coefficient of variation  
Vrt   coefficient of variation of the basic variables 
Vu,FE   ultimate shear resistance obtained from the FE models with rigid end  
  post 
Vu,FE,non-rigid  ultimate shear resistance obtained from the FE models with non-rigid  
  end post 
Vu,test   test ultimate shear force  
Vy   shear yield load  
Vδ   coefficient of variation of the tests relative to the resistance model 
Vτyw   coefficient of variation of the shear yield strength  
Wel   elastic section modulus 
Wpl   plastic section modulus  
NOTATION 
15 
 
X   constant 
γ   shear strain  
γcsm   CSM shear limiting strain  
γM0   partial safety factor for cross-section resistance 
γM1   partial safety factor for member buckling resistance 
γsb   shear buckling strain  
γu   ultimate shear strain  
γy   shear yield strain of the material 
δ   total jack displacement 
δb,theory  theoretical elastic bending deflection 
δs,theory   theoretical elastic shear deflection  
δtotal,test  total measured vertical deflection  
δu   end shortening at ultimate load 
ε   strain, or material factor defined in EN 1993-1-4  
εcsm   CSM limiting strain  
εf   plastic strain at fracture  
εlb   local buckling strain  
εnom   engineering strain 
εt0.2   total strain at σ0.2 
εt1.0   total strain at σ1.0 
εu   strain at the ultimate tensile stress 
εy   yield strain of the material 
η   parameter that approximates the influence of strain hardening 
θ   rotation at mid-span taken as the sum of the end rotations 
θpl   elastic component of the rotation when Mpl is reached  
NOTATION 
16 
 
θu   total rotation at mid-span when the moment curve falls back below Mpl  
κ   curvature 
κpl   elastic curvature corresponding to Mpl defined as κpl=Mpl/EI 
κu   total curvature at the plastic hinge when the moment-rotation curve  
  falls back below Mpl 
σ   stress 
σ0.2   proof stress at 0.2% offset strain 
σ0.2w   yield strength of the web 
σ1.0   proof stress at 1% offset strain  
σAw   standard deviation of the web area 
σcr   elastic critical buckling stress of a cross-section or individual plate  
  element 
σcsm   CSM limiting stress  
σnom   engineering stress 
σtrue   true stress 
σu   ultimate tensile stress 
στyw   standard deviation of the yield strength in shear 
τcr   elastic critical shear buckling stress of web panel 
τy   yield shear stress 
τyw,m   mean value of the shear yield strength  
υ   Poisson’s ratio  
χw   web shear buckling reduction factor 
ωD&W   imperfection amplitude derived from the predictive model of Dawson 
  and Walker 
ωflange1   flange 1 maximum measured local geometric imperfection  
NOTATION 
17 
 
ωflange2   flange 2 maximum measured local geometric imperfection 
ωweb   web maximum measured local geometric imperfection 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 BACKGROUND 
 
Now, one hundred years after its first inception, stainless steel refers to a family of 
corrosion resistant iron alloys that contain at least a minimum of 11% chromium by 
mass. The term ‘stainless’ was first popularized by Ernest Stuart, a cutlery manager, 
while the commercial birth of stainless steel is generally credited to the English 
metallurgist, Harry Brearley, in 1913. The use of stainless steel has expanded over the 
years from just cutlery to a wide range of applications, including wall claddings, 
architectural components and structural elements in buildings and bridges within the 
construction industry, as well as being used in marine applications, the food and 
chemical industries and the automotive and aerospace industries. The widespread use 
may be attributed largely to the range of characteristics that stainless steels exhibit, 
with corrosion resistance being one of its major strengths. Contrary to carbon steel, 
the corrosion resistance of stainless steel can eliminate the need to apply protective 
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coating against corrosion and therefore reduces the necessity of continuous 
maintenance leading to overall savings in terms of economy (Mann, 1993; Gardner, 
2005; Baddoo, 2008). Furthermore, stainless steel has superior temperature resistance 
characteristics compared to carbon steel making it a most suitable material for 
applications where elevated temperatures or fire may occur (Gardner and Baddoo, 
2006; Gardner, 2007). Stainless steel is an environmentally friendly material and may 
be used for sustainable development due its long life span and its reusable recyclable 
nature.  
 
Despite its beneficial characteristics, the major drawback of stainless steel is its high 
initial cost which is approximately four times that of carbon steel for the most 
commonly used austenitic grades. In general, cost highly influences the choice of a 
material but, considering the lifecycle cost of stainless steel with its distinctive 
characteristics (long life span, corrosion resistance, high temperature resistance and 
recyclability) makes it a more appealing choice (Gardner, 2007).    
 
 
1.2 STAINLESS STEEL ALLOYS, MATERIAL GRADES AND 
PRODUCT FORMS 
 
Stainless steel is an iron based alloy that contains a minimum chromium content of 
about 11% by mass. This minimum amount of chromium allows the formation of a 
protective surface layer of chromium oxide (Cr2O3), which protects the original metal 
from corrosion and gives stainless steel its corrosion resistance. This layer is referred 
to as a non-porous passive film which is highly resistant to chemical attack and is 
capable of regenerating itself in the presence of oxygen. Stainless steel also consists 
of other alloys, most important of which are nickel (Ni) and molybdenum (Mo), 
which are added to increase the stability of the previously mentioned passive layer 
and to increase the ductility and weldability of stainless steel. There is a wide variety 
of stainless steel grades that are classified according to their atomic structure as 
austenitic (face-centred cubic), ferritic (body-centred cubic), duplex (mixed 
crystalline structure of austenitic and ferritic stainless steel), precipitation hardening 
and martensitic (EN 10088-1, 2005).  
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The most commonly used grades for structural applications are the austenitic and 
duplex grades due to their excellent ductility, weldability and corrosion resistance 
characteristics, with the duplex grade generally reaching higher strengths than the 
austenitic grade. Various grades and forms of stainless steel such as plates, sheets, 
tubes, bars, fasteners, cold-formed structural sections and hot-rolled structural 
sections may be manufactured depending on the alloy content and production process. 
It is worth noting that a number of stainless steel designation systems are in use, such 
as the AISI system which is adopted by both the American and Australian standards, 
the Unified Numbering System (ASTM 2002) and the European system (EN 10088-1, 
2005).  The European system (EN 10088-1, 2005) will be adhered to throughout the 
remainder of this thesis.  
 
 
1.3 STRUCTURAL APPLICATIONS OF STAINLESS STEEL 
 
The use of stainless steel in construction dates back to as early as 1929, when it was 
used as the cladding for the upper part of the famous Chrysler Building in New York. 
Other notable stainless steel structure is The Gateway Arch in St. Louis, Missouri, 
which was completed in 1965 and continues to be the second largest stainless steel 
structure in the world. Recent years have seen a significant increase in the usage of 
stainless steel for structural applications. Figure 1.1 shows the largest stainless 
building in North America, the Edmonton Composting Facility in Canada. Another 
remarkable structure is the Walt Disney Concert Hall in Los Angeles that is cladded 
with stainless steel as shown in Figure 1.2. Stainless steel has also been recently used 
in numerous road and pedestrian bridges; Figure 1.3 presents the Helix Bridge in 
Singapore, a footbridge that was inspired by the form of the curved DNA structure. 
One more example in which the aesthetic appeal of stainless steel was fully exploited 
is depicted in Figure 1.4: the Cloud Gate sculpture in Chicago, Illinois.  
 
It may be observed that although stainless steel has been used in some structural 
applications its use as a primary structural element is still rather limited, with major 
CHAPTER 1 - INTRODUCTION 
31 
 
applications being of a specialized nature where in most cases the aesthetic appeal of 
stainless steel is influential to the architectural image of the structure.  
 
 
 
Figure 1.1: Edmonton Composting Facility, Canada 
(http://en.wikipedia.org/wiki/Edmonton_Composting_Facility) 
 
 
 
 
Figure 1.2: Walt Disney Concert Hall, Los Angeles, USA 
(http://en.wikipedia.org/wiki/Walt_Disney_Concert_Hall) 
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Figure 1.3: Helix Bridge, Singapore (courtesy of Er. Mah Guan Pang) 
 
 
 
 
Figure 1.4: Cloud Gate sculpture, Chicago, Illinois, USA (courtesy of Dr Leroy 
Gardner) 
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1.4 LEAN DUPLEX STAINLESS STEEL 
 
Stainless steel has a range of physical characteristics such as high strength, stiffness, 
and ductility together with excellent durability that makes it ideally suited for use in 
construction (Gardner, 2005). However, due to the high initial cost of structural 
stainless steel compared to that of structural carbon steel, and the relatively limited 
awareness of its credentials among structural engineers, the use of stainless steel as a 
main structural material in construction remains rather restricted. On average the ratio 
of the price of stainless steel (austenitic grade 1.4301)  to carbon steel in the European 
Union for year 2012 is approximately 4 to 1 (MEPS, www.meps.co.uk). The high 
initial cost of stainless steel is largely attributed to the nickel content which, for the 
commonly used grades of austenitic stainless steel, lies between about 8% and 10% 
by mass. A new breed of stainless steel has been developed with low nickel content 
(around 1.5%), which may offer improved economy over existing grades. The 
material, referred to as lean duplex stainless steel or EN 1.4162, has a balanced 
austenitic-ferritic structure (approximately equal amounts of ferrite and austenite) 
with high chromium (21%) and nitrogen (0.22%) content and an addition of 
molybdenum (0.3%), providing it with good resistance to localized and uniform 
corrosion. Lean duplex also possesses higher strength than the austenitic grades, is 
less expensive, retains good high temperature properties, and has adequate weldability 
and fracture toughness (Outokumpu, 2010; Gardner et al., 2010; Nilsson et al., 2008; 
Sieurin et al., 2007). Therefore, lean duplex stainless steel may offer a better balance 
of properties than the austenitic grades for structural applications. A comparison 
between the typical stress-strain diagrams of the austenitic, ferritic, duplex and lean 
duplex stainless steel grades is presented in Figure 1.5. 
 
Despite the fact that lean duplex stainless steel has already featured in the 
construction of a number of footbridges, such as those in Förde, Norway and Siena, 
Italy, and is included in the material standard EN 10088-4 (EN 10088-4, 2009) with a 
minimum specified 0.2% proof strength of 480 N/mm2 for plate material in the 
annealed condition, it is not currently covered by any structural design code, due to its 
structural characteristics having been largely unverified. It is the aim of this research 
project to study lean duplex stainless steel and to provide a better understanding of the 
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structural behaviour of this material. For this reason, a comprehensive experimental 
and numerical research programme investigating the structural characteristics of lean 
duplex stainless steel welded I-sections was initiated at Imperial College London. 
Initial research on lean duplex stainless steel concentrated on cold-formed hollow 
sections (Theofanous and Gardner, 2009; Theofanous and Gardner, 2010) while the 
attention of this study is on lean duplex stainless steel welded I-sections. 
 
 
 
Figure 1.5: Comparison between austenitic, ferritic, duplex and lean duplex stress-
strain curves 
 
 
Although the focus of this research is on lean duplex stainless steel welded I-sections, 
comparisons with the most commonly used stainless steel grades in the construction 
industry such as the austenitic and duplex grades are also carried out. Furthermore, a 
key part of this study is to evaluate the current Eurocode design provisions for the 
design of stainless steel structures (EN 1993-1-4, 2006) and assess their applicability 
to lean duplex stainless steel welded I-sections. Several design codes have been 
developed for the design of stainless steel structures (as discussed in Chapter 2) but 
the general approach is still considered to be conservative, particularly for stocky 
structural elements, since the design rules are harmonized with those of structural 
carbon steel. This may lead to inefficient designs as stainless steel presents different 
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physical and material properties to carbon steel. Therefore, it is the intention of this 
research to provide design recommendations that allow for a better exploitation of the 
structural characteristics of stainless steel in general and lean duplex welded I-
sections specifically, leading to more efficient designs.    
 
 
1.5 OUTLINE OF THESIS 
 
Chapter 1 provides an introduction to the thesis in which the history, alloy chemistry, 
grades, product forms and structural applications of stainless steel have been briefly 
discussed. Lean duplex stainless steel has also been introduced and identified as the 
main focus of this study. Likewise, it has been indicated that the study will 
concentrate on assessing the applicability of European structural stainless steel design 
specifications EN 1993-1-4 (2006) to lean duplex welded I-sections and stainless steel 
structures in general.   
 
In Chapter 2, a comprehensive literature review relevant to this research project is 
presented. This includes a review of the current design codes for structural stainless 
steel, the available structural performance data on stainless steel welded I-sections 
and the key components of the finite element (FE) modelling carried out in this 
research. Further detailed discussion of relevant literature is presented in each of the 
subsequent chapters.  
 
Chapter 3 describes the experimental and numerical programme conducted on lean 
duplex stainless steel welded I-sections, including material coupon tests, stub column 
tests and bending tests (3-point and 4-point). The results from both the tests and FE 
modelling are used to assess the suitability of the codified slenderness limits 
employed in EN 1993-1-4 (2006) and the applicability of the continuous strength 
method (CSM) (Gardner, 2008; Gardner et al., 2011). Comparisons with other 
stainless steel grades are made and design recommendations are proposed.  
 
As part of this study, a series of laboratory tests were carried out on lean duplex 
stainless steel welded I-sections continuous beams to investigate the applicability of 
plastic design to stainless steel as it is currently not allowed for in EN 1993-1-4 
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(2006). The tests results were accompanied by a parallel numerical analysis where 
parametric studies were performed. Full details of the tests, results obtained, findings 
and proposals are reported in Chapter 4.  
 
Chapter 5 examines the behaviour of lean duplex stainless steel welded plate girders 
under shear. The conducted experiments and FE modelling on lean duplex stainless 
steel plate girders are presented. The failure modes observed from the laboratory tests 
and FE modelling are discussed and analyzed.  The results obtained, together with the 
available test data on other stainless steel plate girders, are used to assess the 
applicability of the EN 1993-1-4 (2006) shear design provisions to stainless steel in 
general and lean duplex stainless steel specifically.  
 
In Chapter 6, a comprehensive review of the shear design methods for steel plate 
girders is presented and the codified design provisions for both carbon steel and 
stainless steel plate girders are discussed. The available test data on stainless steel 
plate girders is collected, reported and utilized for a comparative analysis among the 
different shear design methods available. Based on the collected data and 
comparisons, new design expressions for the calculation of the ultimate shear capacity 
of stainless steel plate girders are proposed and validated. 
 
Chapter 7 focuses on applying the continuous strength method (CSM) (Gardner, 
2008; Gardner et al., 2011) to the calculation of the ultimate shear resistance of 
stainless steel plate girders. The test data reported in Chapters 5 and 6 are utilized to 
develop the preliminary design expressions.  Comparisons between the predicted 
CSM capacities and the codified capacities are presented and recommendations for 
further work are included.  
 
Finally, Chapter 8 summarizes the important findings from this research project and 
presents the major contributions of this study. Further research suggestions are also 
included. 
CHAPTER 2 – LITERATURE REVIEW 
37 
 
 
 
 
CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1 INTRODUCTION 
 
The aim of this chapter is to provide a comprehensive review of the previous studies 
carried out on structural stainless steel with a focus on welded I-sections, while 
further detailed literature review is presented and discussed in each of the consecutive 
chapters accordingly. This chapter is divided into three sections where the first section 
presents an overview of the development of structural design standards for stainless 
steel; the second section briefly summarizes the previous work carried out on stainless 
steel welded I-sections and reports the available structural performance data on 
stainless steel stub columns, beams and plate girders; and finally the third section 
focuses on the numerical modelling of stainless steel components covering the major 
findings in terms of modelling the material behaviour, geometric imperfections and 
residual stresses.   
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2.2 STRUCTURAL STAINLESS STEEL DESIGN STANDARDS 
 
2.2.1 American Standards 
 
In 1968, the American Iron and Steel Institute (AISI) was the first to publish a design 
code addressing structural stainless steel members and was entitled ‘Specification for 
the design of cold-formed stainless steel structural members’. This design code relied 
on the findings of the study carried out by Johnson and Winter (1966) on austenitic 
stainless steel and was based on the allowable stress design method. Further research 
performed by Wang and Winter (1969) on structural stainless steel allowed the 
American code to be revised and an updated version was published in 1974 by AISI 
(AISI, 1974). Following the research conducted in 1986 in the University of 
Missouri-Rolla by Lin et al. (1988), the ANSI/ASCE-8 Structural Stainless Steel 
Design Standard was published in 1991 (ASCE, 1991), effectively superseding the 
AISI standards for stainless steel in North America. The most recent American design 
guidance for stainless steel structures is the SEI/ASCE 8-02 ‘Specification for the 
design of cold formed stainless steel structural members’ (ASCE, 2002). A detailed 
review of the improvements in this design code is given by Lin et al. (2005). For 
thicker material, a new design code, AISC Design Guide 30: Structural Stainless 
Steel, is currently under development. 
 
 
2.2.2 Australia/New Zealand Standards 
 
The development of Australian design guidance for structural stainless steel was 
initiated in 1988 by a committee assembled by Standards Australia. The decision was 
made to base the Australian code on the North American ANSI/ASCE-8 (ASCE 
1991) design code mainly because the Australian standard for cold-formed carbon 
steel structures AS/NZS 4600 (2005) was based on the AISI specifications. This 
would ensure the consistency between the Australian codes for stainless steel and 
carbon steel. The first Australian/New Zealand design code for stainless steel 
structures, AS/NZS 4673 (2001) was published in 2001, in which some additions 
were made to the original ANSI/ASCE standards. A detailed review of the 
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development of the Australian/New Zealand design code is provided by Rasmussen 
(2000).  
 
 
2.2.3 European Standards 
 
The first European design guidance for stainless steel structures was the SCI/Euro 
Inox ‘Design Manual for Structural Stainless Steel’ published in 1994 (SCI/Euro 
Inox, 1994). This design manual was the result of the joint industry project initiated in 
1991 and managed by the UK Steel Construction Institute. The findings of this 
guidance formed the basis of the European pre-standard ENV 1993-1-4 (1996), which 
was later converted to the full European standard EN 1993-1-4 (2006) published in 
2006. The latter is considered to be the latest international design standard on 
stainless steel structures. It is worth noting that a third edition of the SCI/Euro Inox 
Design Manual for Stainless Steel was published in 2006 (SCI/Euro Inox, 2006) with 
its commentary published in 2007 (SCI/Euro Inox, 2007). As previously mentioned in 
Chapter 1, EN 1993-1-4 (2006) is the design code that will be referred to and assessed 
throughout the thesis. 
 
 
2.2.4 Discussion 
 
The reviewed stainless steel codes adopt a material specific limiting stress value (the 
yield strength), referred to as the maximum stress value achieved by any structural 
member, hence, assuming stainless steel exhibits an elastic perfectly-plastic (bilinear) 
behaviour. This limit is considered to be conservative as it does not reflect the actual 
structural response of stainless steel and only applies to materials such as carbon steel 
in which they exhibit a sharply defined yield point upon which the stiffness of the 
material is reduced significantly. This approach was implemented to maintain 
consistency between stainless steel and carbon steel in order to prevent any design 
difficulties an engineer might encounter.   
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2.3 STRUCTURAL PERFORMANCE DATA 
 
2.3.1 Introduction 
 
This section contains a brief review of the experiments carried out on stainless steel 
structural members with the main focus being on the laboratory tests conducted on 
stainless steel welded I-sections. The results of carefully conducted and reported 
experiments are crucial to under-pining structural design codes and developing new 
design methods. 
 
As documented in the Commentary to the third edition of Design Manual for 
Structural Stainless Steel (SCI/Euro Inox, 2007), the first stainless steel design codes 
were based on test data generated from experiments carried out in the nineteen fifties 
and sixties by Hammer and Petersen (1955), Dubuc et al. (1956) and Johnson and 
Winter (1966). Since then, the amount of research on stainless steel structural 
members has considerably risen.  In a study by Theofanous (2010), 431 tested 
stainless steel sections were identified from the literature, but only 54 sections were 
welded I-sections. The majority of the reported data was based on tests performed on 
square, rectangular and circular hollow sections of the austenitic, ferritic, and duplex 
grades. The only reported tests on lean duplex stainless steel (28 tests) are those 
conducted by Theofanous and Gardner (2009, 2010) on square and rectangular hollow 
sections.  
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Table 2.1: Tests conducted on stainless steel welded I-sections 
Test type Reference 
No. of 
tests 
Material grade 
Stub column tests: Bredenkamp and  
2 1.4003 
  van den Berg (1995) 
        
  
ECSC WP2 (2000) 
3 1.4301 
  1 1.4462 
      
   ECSC WP6 (2000) 7 1.4003 
      
   
Kuwamura (2003)  
8 1.4301 
  8 1.4310 
In-plane bending 
tests: 
Yamada and Kato 
(1988) 
5 1.4301 
      
   
ECSC WP2 (2000) 
3 1.4301 
  1 1.4462 
      
 
  
Real and Mirambell 
(2005) 
2 1.4301 
Shear tests: 
Olsson (2001) 
4 1.4301 
  4 1.4462 
        
  Real et al. (2007) 9 1.4301 
        
  Estrada et al. (2007) 8 1.4301 
 
 
2.3.2 Review of laboratory tests 
 
The current study is focused upon structural lean duplex stainless steel welded I-
sections, but with no data existing on lean duplex stainless steel welded I-sections 
prior to the start of this research project, the first step was to gather the available test 
data on stainless steel welded I-sections from published sources. Table 2.1 gives a 
summary of all tests conducted on stainless steel welded I-sections that have been 
reported in sufficient detail, where the number of tests performed, material grade and 
references are shown. A total of 65 tests are presented in Table 2.1 and have been 
categorized and reviewed in the subsequent chapters according to their type: stub 
column tests, in plane bending tests and shear buckling tests.  
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2.3.3 Stub column tests 
 
A total of 29 stub column tests results have been collected from different authors. The 
first test data on stainless steel welded I-section were reported by Bredenkamp and 
van den Berg (1995), followed by the studies of the ECSC WP2 and WP6 (2000), 
while the most recent experiments were carried out by Kuwamura (2003). The main 
objectives of these studies were to investigate the cross-sectional behaviour of welded 
I-sections under axial compression, to check their local buckling behaviour and to 
assess the ENV 1993-1-4 (1996) design recommendations. These data, together with 
the data reported from experiments carried out as part of this research project, are 
utilized in Chapter 3 to assess the current Class 3 slenderness limits of EN 1993-1-4 
(2006) and to check their applicability to lean duplex stainless steel cross-sections. 
The suitability of the proposed slenderness limits by Gardner and Theofanous (2008) 
is also assessed. 
 
 
2.3.4 In-plane bending tests 
 
A total of 11 in-plane bending tests have been collected in which 7 were 3-point 
bending tests and 4 were 4-point bending tests. These tests were conducted by 
Yamada and Kato (1988), ECSC WP2 (2000) and Real and Mirambell (2005). These 
authors mainly investigated the effect of the material nonlinearity of stainless steel on 
its behaviour in bending, including the effect of this nonlinearity on the calculation of 
deflections. These test data, together with those reported in Chapter 3 of this thesis,  
are used to evaluate the current Class 1, 2 and 3 slenderness limits of EN 1993-1-4 
(2006). The generated test data are also used to investigate the behaviour of lean 
duplex stainless steel welded I-sections compared to other stainless steel grades, to 
evaluate the applicability of the proposed slenderness limits by Gardner and 
Theofanous (2008) to lean duplex stainless steel and to assess the applicability of the 
Continuous Strength Method (CSM) to lean duplex stainless steel welded I-sections.  
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2.3.5 Shear tests 
 
A total of 25 experimental results on stainless steel plate girders (welded I-sections) 
have been collected from the literature. At the time of the development of ENV 1993-
1-4 (1996), the only experimental work to address the shear resistance of stainless 
steel members was that carried out by Carvalho et al. (1990). The latter performed 
three point bending tests on cold formed members of austenitic and ferritic stainless 
steel grades. Their results formed the basis of the ENV 1993-1-4 (1996) design 
expressions. The first experimental investigation after the introduction of ENV 1993-
1-4 (1996) was carried out by Olsson (2001), followed by the more recent studies of 
Real et al. (2007) and Estrada et al. (2007). The main objective of these experimental 
studies was to further understand the behaviour of stainless steel plate girders under 
shear and to develop design expressions capable of predicting the shear resistance of 
stainless steel plate girders. Chapters 6 and 7 of this thesis utilize the available test 
data, together with those performed within the scope of this research, to evaluate the 
current shear design provisions of EN 1993-1-4 (2006), to investigate other design 
proposals, and focuses on developing two sets of design expressions: one that is in 
accordance with EN 1993-1-4 (2006) and the other based on the Continuous Strength 
Method.  It is worth noting that the results from Carvalho et al. (1990) experimental 
study are not considered in this research owing to concerns raised in relation to their 
reliability (Olsson, 2001).  
 
 
2.4 NUMERICAL MODELLING 
 
2.4.1 Introduction 
 
The use of finite element (FE) modelling continues to increase owing to the 
development of advanced FE software packages along with the significant 
computational power available nowadays. Together with laboratory testing, both 
researchers and practising engineers are utilizing FE modelling to investigate the 
structural behaviour of metallic components. Generally, FE models are first generated 
and validated against a set of laboratory test data where their ability to replicate the 
test data and accuracy is assessed. Upon the completion of the validation step, 
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parametric studies are carried out to further understand the effect of key parameters 
on the structural response of the cross-sections under study. Parametric studies may 
be seen as an accurate and inexpensive way to generate more data, as physical 
laboratory testing is always governed by various constraints and limitations.  
 
The general purpose finite element analysis package ABAQUS (Hibbitt et al., 2010) 
has been used for the numerical studies conducted throughout Chapters 3, 4, and 5 of 
this thesis. Many factors influence the accuracy of the finite element model; hence, 
the key findings of the comprehensive research on FE modelling of stainless steel 
structural components by Gardner and Nethercot (2004b) and Ashraf et al. (2006) are 
utilized in this project. Relevant modelling assumptions, including the used element 
type, the employed analysis technique, material modelling, geometric imperfections 
and residual stresses, adopted in the FE studies carried out in this thesis are discussed 
hereafter.  
 
 
2.4.2 Element type 
 
The ABAQUS (Hibbitt et al., 2010) library contains a wide range of finite elements 
for different modelling purposes. Throughout this research, shell elements are used as 
they are customarily utilized to simulate thin-walled structural components.  The 
employed shell element for the numerical analyses is the four-noded doubly curved 
general-purpose shell element S4R with reduced integration and finite membrane 
strains. This element has been shown to be suitable for the modelling of a range of 
shell thicknesses and has been successfully employed in the modelling of lean duplex 
stainless steel (Theofanous and Gardner, 2009, 2010) and a number of previous 
studies such as those reported by Ellobody and Young (2005) and Lecce and 
Rasmussen (2006).  
 
 
2.4.3 Analysis technique 
 
There are several factors that influence the behaviour of thin-walled structures such as 
the material nonlinearity, geometric nonlinearity and the interaction thereof. 
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Therefore, in all the numerical analyses conducted in the present study, the modified 
Riks method (Hibbitt et al., 2010) has been adopted, an algorithm that enables 
effective solutions to be found to unstable problems (e.g., post ultimate response) and 
adequately traces nonlinear unloading paths. 
 
 
2.4.4 Material modelling 
 
Numerous material models have been applied to represent the nonlinear stress-strain 
relationship of stainless steel, with the first stress-strain relationship being described 
by the Ramberg-Osgood model (Ramberg and Osgood, 1943) as modified by Hill 
(1944). This model was further enhanced by Mirambell and Real (2000) based on the 
two-stage Ramberg-Osgood model and further developed by Rasmussen (2003), 
Gardner and Nethercot (2004a), Gardner and Ashraf (2006) and Abdella (2007). 
Furthermore, a three-stage full range stress-strain model for stainless steel used in 
modelling applications involving forming processes has been proposed by Quach et 
al. (2008). In the present study, the two-stage Ramberg-Osgood model described by 
Gardner and Ashraf (2006) was employed to represent the stress-strain response of 
stainless steel, defined by Equations (2.1) and (2.2).  
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where E and E0.2 are the Young’s modulus and the tangent modulus at 0.2% offset 
strain, respectively, σ0.2 and σ1.0 are the proof stresses at 0.2% and 1% offset strains, 
respectively, εt0.2 and εt1.0 are the total strains at σ0.2 and σ1.0, respectively and n and 
n’0.2,1.0 are strain hardening exponents. It is worth nothing that these material 
parameters for the compound Ramberg-Osgood model are determined experimentally. 
A typical comparison between the measured stress-strain diagram of lean duplex 
stainless steel (further discussed in Chapter 3) and the two-stage Ramberg-Osgood 
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model as modified by Gardner and Ashraf (2006) is presented in Figure 2.1 in which 
a good agreement between the two curves can be observed.   
 
 
 
Figure 2.1: Typical comparison between test and Ramberg-Osgood stress-strain 
curves 
 
 
For incorporation into ABAQUS (Hibbitt et al., 2010), the material model has to be 
approximated with a multi-linear model defined in terms of true stress and log plastic 
strain. The relationship between true stress and engineering stress, σtrue and σnom, 
respectively, is given by Equation (2.3), while the relationship between log plastic 
strain and engineering strain, plln  and εnom, respectively is given by Equation (2.4), 
where σnom and εnom are the engineering stress and strain respectively and E is the 
Young’s modulus. A typical example of this conversion is presented in Figure 2.2. 
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Figure 2.2: Typical conversion of engineering stress-strain to true stress-strain 
 
2.4.5 Geometric imperfections 
 
All structural elements contain initial geometric imperfections, which arise principally 
during production, fabrication and handling. These imperfections can significantly 
influence the structural behaviour; hence, it is necessary to account for imperfections 
in any numerical modelling investigation. This is commonly achieved by first 
performing a linear eigenvalue buckling analysis to determine the lowest relevant 
elastic buckling mode - the shape into which a perfect structure would buckle, and 
subsequently incorporating the obtained shape as the geometric imperfection, with a 
chosen amplitude, in the nonlinear analysis; this was the approach adopted in the 
present study. Since buckling mode shapes provide a perturbation pattern only, the 
incorporation of imperfection amplitude is compulsory. Imperfection amplitudes can 
be derived from laboratory measurements (outlined in Chapter 3), or predictive 
models such as the Dawson and Walker model (1972) or its variations (Gardner and 
Nethercot, 2004b; Cruise and Gardner, 2006). It is worth noting that owing to the 
absence of global (member) buckling in the investigations carried out in this thesis, 
only local geometric imperfections were incorporated in the FE models. 
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2.4.6 Residual stresses 
 
Residual stresses are those that exist within a structural member in its unloaded state. 
Similarly to initial geometric imperfections, they originate primarily during 
production and fabrication processes. The general influence of residual stresses on 
structural members is to cause premature yielding and loss of stiffness, which can 
significantly deteriorate load carrying capacity. The physical and thermal properties 
of stainless steel differ from those of carbon steel, hence residual stress patterns and 
magnitudes arising in structural sections may differ (Gardner and Ng, 2006). A 
number of studies have involved the examination of residual stresses in cold-formed 
stainless steel sections (Gardner and Cruise, 2009; Clarin, 2003; Quach et al., 2004; 
Young and Lui, 2005; Jandera et al., 2008; Schafer et al., 2010) whilst fewer have 
addressed welded stainless steel sections (Bredenkamp et al., 1992; Lagerqvist and 
Olsson, 2001). The latter studies focused on welded I-sections, where the residual 
stresses in austenitic, ferritic, and duplex stainless steels were examined. For welded 
I-sections, only membrane residual stresses are generally significant and through-
thickness bending residual stresses can be typically ignored (Gardner and Cruise, 
2009). The residual stress model adopted in the present study is the one proposed by 
Gardner and Cruise (2009) developed based on the results of the studies by 
Bredenkamp et al. (1992) and Lagerqvist and Olsson (2001). A description of the 
implementation of residual stresses in the FE models and their effect on the results is 
presented in Chapter 3.  
 
 
2.5 DISCUSSION 
 
The aim of this chapter has been to provide a general summary of the development of 
structural stainless steel design guidance, the available structural performance data on 
stainless steel welded I-sections and numerical modelling. Further literature review is 
to be introduced and examined in more detail within the relevant chapters.  
 
The use of stainless steel in construction has been growing steadily for many years. 
However, the high cost of stainless steel remains one of the major constraints to more 
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widespread application. Furthermore, the current stainless steel design guidance is 
largely based on assumed analogies with carbon steel, often leading to overly 
conservative results. With the development of a new less expensive stainless steel 
grade, lean duplex stainless steel, it is the aim of the present research to investigate its 
structural behaviour and to propose it as a suitable substitute to the conventional 
structural stainless steel. This process also involves the evaluation of EN 1993-1-4 
(2006) enabling the development of more efficient design methods for structural 
stainless steel. 
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CHAPTER 3 
 
CROSS-SECTION STABILITY  
 
3.1 INTRODUCTION 
 
Lean duplex stainless steel is not currently covered by any structural design code 
owing to its recent introduction and the present lack of structural performance data, 
though it is included in the material standard EN 10088-4 (2009), with a minimum 
specified 0.2% proof strength of 480 N/mm2 for plate material in the annealed 
condition. Hence, its structural behaviour when subjected to the fundamental loading 
cases of compression and bending is not explored. For this reason, this chapter reports 
a series of experimental investigations on the structural response of lean duplex 
stainless steel welded I-sections including material testing, stub column tests and 3-
point and 4-point bending tests, with a focus on characterising the basic material 
properties and establishing slenderness limits for cross-section classification. The 
experimental study was complemented by a parallel numerical investigation, in which 
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finite element models were initially validated against the test results and subsequently 
used for parametric studies.  
 
The obtained experimental and numerical results are carefully reported and used, 
together with existing test data (Theofanous and Gardner, 2009; 2010) to assess the 
applicability of the codified slenderness limits employed in Eurocode 3: Part 1.4 
(2006) and the application of the continuous strength method (CSM) (Gardner, 2008; 
Gardner et al., 2011). Furthermore, the results obtained from lean duplex stainless 
steel tests are compared to the results of tests performed on other stainless steel 
grades. Finally, based on the obtained results, design recommendations are made. 
 
 
3.2 EXPERIMENTAL INVESTIGATION 
 
3.2.1 Material testing 
 
In order to obtain the basic stress-strain properties of the lean duplex material, a series 
of tensile and compressive coupon tests were performed in the Structures Laboratory 
of the Department of the Civil and Environmental Engineering at Imperial College 
London on material extracted from the plate material used to form the structural 
cross-sections.  A total of twenty-four coupons of four material thicknesses (6 mm, 8 
mm, 10 mm, and 12 mm) were tested in tension and compression. For each thickness, 
two repeated tensile tests were carried out on longitudinal coupons (i.e. parallel to the 
rolling direction). For the compression coupons, two repeated tests on both 
longitudinal and transverse (i.e. perpendicular to the rolling direction) coupons were 
carried out for each thickness. The tests followed the provisions of EN 10002-1 
(2001). The nominal dimensions of the necked tensile coupons were 320 × 30 mm 
while the nominal dimensions for the compressive coupons were 72 × 16 mm. The 
tests were carried out in an INSTRON 250 kN machine with an initial strain rate of 
0.0003s-1, increasing after 1% strain to a strain rate of 0.008 s-1. The tensile coupons 
were marked with proportional gauge lengths to calculate their plastic strain at 
fracture εf after testing, based on elongation over the standard gauge length 5.65√Ac, 
where Ac is the cross-sectional area of the coupon. Tensile strain was measured by 
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means of a digital extensometer. The compressive coupons were tested in a bracing 
jig to prevent buckling as depicted in Figure 3.1; strain gauges were attached to both 
sides of the tested coupons at mid height. All test data, including load, displacement, 
strain and input voltage were recorded at one-second intervals using the data 
acquisition system DATASCAN. The key results from the coupon tests, together with 
the mill certificate material properties and the minimum specified values given in EN 
10088-4 (2009), are summarised in Tables  .1 and  .2, where E is Young’s modulus, 
σ0.2 is the 0.2% proof stress, σ1.0 is the 1.0% proof stress, σu is the ultimate tensile 
stress, εf is the plastic strain at fracture based on elongation over the standard gauge 
length and n and n’0.2,1.0 are strain hardening exponents for the compound Ramberg-
Osgood model (Mirambell and Real, 2000; Rasmussen, 2003) as modified by Gardner 
and Ashraf (2006). The stress-strain curves for each of the tested thicknesses are 
presented in Figures 3.2-3.9.  
 
 
 
Figure 3.1: Compressive coupons bracing jig 
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Figure 3.2: Full tensile stress-strain curve for 6 mm material (L= Longitudinal) 
 
 
Figure 3.3: Initial part of tensile and compressive stress-strain curves for 6 mm 
material (L= Longitudinal, T: Transverse) 
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Table 3.1:  Measured material properties from tensile coupon tests and mill certificates 
*Missing result due to testing problem 
 
 
 
 
 
 
 
Tensile coupon tests EN 10088-4 
Mill certificate values (transverse 
tension) 
Plate thickness  Orientation to  
E σ0.2 σ1.0 σu εf 
Modified R-O 
coefficients 
σ0.2,nom σ0.2 σ1.0 σu 
(mm) rolling direction (N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) n n'0.2,1.0 (N/mm
2) (N/mm2) (N/mm2) (N/mm2) 
6.00 Longitudinal (L1) 192000 512 553 723 55 11.5 2.1 480 579 640 746 
6.02 Longitudinal (L2) 195000 520 562 732 52 9.9 2.2 480 579 640 746 
8.08 Longitudinal (L1) 196000 505 548 727 52 12.3 2.2 480 577 616 747 
8.07 Longitudinal (L2) 210000 503 543 728 50 12.0 2.2 480 577 616 747 
10.10 Longitudinal (L1) 215000 505 558 765 53 11.5 1.9 450 567 599 769 
10.08 Longitudinal (L2) 218000 497 556 772 49 12.0 2.5 450 567 599 769 
12.36 Longitudinal (L1) 197000 466 -* 734 38 11.0 -* 450 507 556 729 
12.42 Longitudinal (L2) 214000 447 506 711 57 10.0 2.4 450 507 556 729 
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Table 3.2: Measured material properties from compressive coupon tests and mill certificates 
  Compressive coupon tests EN 10088-4 
Mill certificate values 
(transverse tension) 
Plate  Orientation to E σ0.2 σ1.0 Modified R-O coefficients σ0.2,nom σ0.2 σ1.0 
thickness (mm) rolling direction (N/mm2) (N/mm2) (N/mm2) n n'0.2,1.0 (N/mm
2) (N/mm2) (N/mm2) 
5.99 Transverse (T1) 215000 561 624 11.7 2.0 480 579 640 
6.02 Transverse (T2) 212600 563 625 10.7 1.4 480 579 640 
6.02 Longitudinal (L1) 201400 493 576 7.9 1.9 480 579 640 
6.03 Longitudinal (L2) 196500 495 576 7.9 1.8 480 579 640 
8.08 Transverse (T1) 212000 562 622 10.4 1.6 480 577 616 
8.05 Transverse (T2) 215800 559 615 11.6 1.5 480 577 616 
8.10 Longitudinal (L1) 201900 489 567 7.1 1.8 480 577 616 
8.05 Longitudinal (L2) 197600 492 571 7.5 2.0 480 577 616 
10.04 Transverse (T1) 196300 507 581 6.4 1.5 450 567 599 
10.01 Transverse (T2) 203200 500 565 6.9 1.7 450 567 599 
9.99 Longitudinal (L1) 198900 473 543 7.9 1.6 480 567 599 
10.07 Longitudinal (L2) 205500 473 541 8.4 1.7 450 567 599 
12.35 Transverse (T1) 202700 490 557 7.8 1.6 450 507 556 
12.36 Transverse (T2) 200700 488 558 7.2 1.5 450 507 556 
12.35 Longitudinal (L1) 199700 460 532 8.1 1.8 450 507 556 
12.34 Longitudinal (L2) 194800 459 530 7.8 1.6 450 507 556 
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The similarity of results obtained from the tensile and compressive coupons tests 
carried in the longitudinal direction, indicated essentially symmetric stress-strain 
characteristics. For compressive properties, coupon tests were conducted in both the 
longitudinal and transverse directions. The results indicated anisotropic behaviour, 
with the strength in the transverse direction being consistently higher than that in the 
longitudinal direction. This anisotropy has been observed in previous studies of 
duplex stainless steel (Hutchinson et al., 1985), and is associated with elongation in 
the rolling direction of the crystalline grains in the microstructures.  The measured 
0.2% proof stresses from the longitudinal coupon tests were found to be lower than 
those stated in the mill certificates – this may be attributed to the difference in testing 
direction and higher strain rates typically employed in mill tests. The results obtained 
from the compressive coupon tests in the transverse direction, which have been 
observed to be similar to the transverse tensile properties in Chapter 5, were generally 
in a good agreement with those given in the mill certificates. The mean measured 
values of the Ramberg-Osgood n and n’0.2,1.0 parameters for the tested plate material 
were 10.0 and 2.0 respectively with some variation depending on rolling and loading 
direction; this compares to corresponding values of 7.0 and 3.3 for cold-formed lean 
duplex stainless steel hollow sections (Theofanous and Gardner, 2009; 2010), which 
indicate that the cold-formed material has a more rounded stress-strain response. 
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Figure 3.4: Full tensile stress-strain curve for 8 mm material (L= Longitudinal) 
 
 
 
Figure 3.5: Initial part of tensile and compressive stress-strain curves for 8 mm 
material (L= Longitudinal, T= Transverse) 
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Figure 3.6: Full tensile stress-strain curve for 10 mm material (L= Longitudinal) 
 
 
 
Figure 3.7: Initial part of tensile and compressive stress-strain curves for 10 mm 
material (L= Longitudinal, T= Transverse) 
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Figure 3.8: Full tensile stress-strain curve for 12 mm material (L= Longitudinal) 
 
 
 
Figure 3.9: Initial part of tensile and compressive stress-strain curves for 12 mm 
material (L= Longitudinal, T= Transverse) 
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3.2.2 Measurement of geometric imperfections 
 
The basic geometry of the lean duplex stainless steel welded I-section test specimens 
was measured prior to testing. The key measurements are summarised in Sections 
3.2.3 and 3.2.4. Local geometric imperfections were also measured prior to testing, 
following the method adopted by Schafer and Peköz (1998). Each section was placed 
on the flat surface of a milling machine and a linear variable displacement transducer 
(LVDT) held in the head of the milling machine was run along the centreline of the 
web and the tips of the flanges over a measurement zone spanning the central half of 
the specimens’ lengths. The maximum measured local geometric imperfection 
(ωflange1, ωflange2, ωweb), defined as the maximum deviation from a straight line 
connecting to two ends of the measurement zone,  for each of the sections is given in 
Table 3.3. The obtained imperfections were employed in the numerical study 
described in Section 3.3 of this chapter. 
 
 
Table 3.3: Measured geometric imperfection amplitudes 
Specimen ωflange1 (mm) ωflange2 (mm) ωweb (mm) 
I-200×140×6×6−1 0.107 0.151 0.164 
I-200×140×6×6−2 0.495 0.426 0.241 
I-200×140×8×6−1 0.222 0.120 0.401 
I-200×140×8×6−2 0.125 0.120 0.284 
I-200×140×10×8−1 0.149 0.195 0.326 
I-200×140×10×8−2 0.125 0.270 0.489 
I-200×140×12×8−1 0.272 0.300 0.259 
I-200×140×12×8−2 0.132 0.174 0.154 
 
 
3.2.3 Stub column tests 
 
Four stub columns were tested under pure axial compression. The nominal length of 
the stub columns was selected as three times the larger cross-section dimension and 
less than 20 times the radius of gyration (Ziemian, 2010) in order to avoid overall 
buckling but to still include a representative distribution of geometric imperfections 
and residual stresses. The ends of each specimen were machined flat and square to 
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ensure a uniform distribution of loading during testing and were compressed between 
the parallel platens of the testing machine, as shown in Figure 3.10. The 
instrumentation consisted of one LVDT used to measure the end shortening, a load 
cell to record the applied load and four strain gauges located at the mid heights of the 
flanges (see Figure 3.11) which were used to confirm that the load was being applied 
concentrically and to eliminate elastic deformations of the platens from the end 
shortening readings, as described later. The tests were carried out in an INSTRON 
3500 kN machine under displacement-control at a rate of 0.3 mm/min. Results, 
including load, displacements, strain and input voltage were all recorded at one-
second intervals using the data acquisitions system DATASCAN. Tests were 
continued beyond the ultimate load-carrying capacity of the stub columns, and the 
post-ultimate response was recorded. The geometric properties (average of the 
readings taken every 100 mm along the length of the stub columns) of the stub 
columns (see Figure 3.11) and the key test results are summarised in Table 3.4, where 
L is the specimen length, b is the overall flange width, hw is the web depth, tf is the 
thickness of the flange, tw is the thickness of the web, A is the gross cross-sectional 
area and Nu is the ultimate load achieved by the stub columns. The employed 
specimen designation system begins with section type, followed by section depth × 
flange width × flange thickness × web thickness. All specimens failed by local 
buckling, a typical example of which can be seen in Figure 3.12. The measured load-
end shortening curves are shown in Figure 3.13. Following the approach set out in 
(University of Sydney, 1990) the true end shortening of the stub columns, excluding 
the deformation of the end platens, were determined; all results shown herein are 
presented on this basis.  
 
 
Table 3.4: Stub column test data 
Specimen L (mm) b (mm) h (mm) tf (mm) tw (mm) A (mm
2) Nu (kN) 
I-200×140×6×6 600.35 138.90 202.05 6.12 6.01 2914.3 1473 
I-200×140×8×6 600.33 139.00 201.06 8.04 5.98 3438.1 1849 
I-200×140×10×8 600.28 139.00 199.15 10.35 8.03 4476.4 2540 
I-200×140×12×8 600.15 139.30 199.13 12.68 8.14 5153.3 2978 
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Figure 3.10: Stub column test setup 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Cross-section notation 
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Figure 3.12: Typical stub column failure mode 
 
 
 
Figure 3.13: Stub column load-end shortening curves 
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3.2.4 Beam tests 
 
A total of eight welded I-sections were tested in bending – four in a 3-point 
configuration and four in a 4-point configuration. The tests were used to assess 
bending resistance and rotation capacity and to determine the applicability of the 
European codified slenderness limits and other proposed bases of design to lean 
duplex stainless steel. Each specimen was a total of 3000 mm in length, simply 
supported between two steel rollers placed 100 mm inwards from the ends of the 
beams. Lateral restraints were provided at the load points and supports to prevent 
lateral torsional buckling. The generalized member slenderness  LT for the welded I-
sections defined in (EN 1993-1-4, 2006) varied between 0.29 and 0.34, which is lower 
than the Eurocode 3: Part 1.4 (2006) limit of 0.4 below which lateral torsional 
buckling may be ignored. For the 3-point bending tests, the load was applied at mid-
span while for the 4-point bending tests, the load was applied at two points (900 mm 
from each support), as shown in Figures 3.14 and 3.15, respectively. For each of the 
tested beams, web stiffeners were provided at both the end supports and the positions 
of the applied loads. Strain gauges were attached to the top and bottom flanges of 
each specimen at a distance of 100 mm from the mid-span in order to monitor the 
progression of strain during testing. Inclinometers were placed at each end of the 
beam in order to determine the rotation of the beams at the support points. For the 3-
point bending configuration, one Linear Variable Displacement Transducer (LVDT) 
was attached to the centre of the bottom flange to measure the displacement of the 
beam, while for the 4-point bending configuration, three LVDTs were attached to the 
bottom flange: one at the mid-span of the beam and the other two below the load 
points (i.e. 900 mm from each support). Furthermore, four string potentiometers were 
attached to the beams, two at each end, in order to measure the longitudinal 
displacement of the beams. The tests were carried out in an INSTRON 2000 kN 
machine and displacement-controlled at a rate of 3.0 mm/min. Loads, rotations, 
displacements and strains were all recorded at one-second intervals using the data 
acquisition system DATASCAN. 
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Figure 3.14: Schematic 3-point bending test arrangement 
 
 
 
 
Figure 3.15: Schematic 4-point bending test arrangement 
 
 
The failure modes of the beams in both the 3-point and 4-point bending tests, 
exhibiting local buckling of the compression flange, are shown in Figures 3.16 and 
3.17 respectively. The section dimensions (average of the readings taken every 500 
mm along the length of the beams) and key experimental results from the beam tests 
are summarised in Tables 3.5-3.8. The obtained mid-span moment rotation and 
moment-curvature curves from the 3-point and 4-point bending tests, respectively, are 
shown in Figures 3.18 and 3.19, where Mu is the ultimate test moment, Mel is the 
elastic moment capacity, Mpl is the plastic moment capacity, θ is the rotation at mid-
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span taken as the sum of the end rotations, θu is the total rotation at mid-span when the 
moment curve falls back below Mpl as obtained from the test results, θpl is the elastic 
component of the rotation when Mpl is reached defined as θpl=MplL/2EI where I is the 
second moment of area of the section, κ is the curvature, κu is the total curvature at the 
plastic hinge when the moment-rotation curve falls back below Mpl, and κpl is the 
elastic curvature corresponding to Mpl defined as κpl=Mpl/EI. The elastic and plastic 
moment capacities Mel and Mpl were calculated by multiplying the relevant measured 
section modulus with the weighted average tensile 0.2% proof stress of the section. 
The rotation capacity R was calculated using Equations (3.1) and (3.2) 
 
1
θ
θ
R
pl
u                     (3.1)  
1R
pl
u 


                    (3.2) 
The results of the experiments are employed for the validation of the numerical 
models in Section 3.3 of this chapter and are analysed and discussed in Section 3.4. 
 
 
Table 3.5: Dimensions of the tested cross-sections under 3-point bending  
Specimen 
Depth, 
hw 
(mm) 
Flange 
width, b 
(mm) 
Flange 
thickness, tf 
(mm) 
Web 
thickness, tw 
(mm) 
Weld throat, 
a (mm) 
I-200×140×6×6-1 202.05 138.89 6.12 6.01 5.00 
I-200×140×8×6-1 200.17 139.04 8.11 6.03 5.00 
I-200×140×10×8-1 198.72 139.00 10.18 8.00 6.00 
I-200×140×12×8-1 199.00 139.29 12.54 8.05 6.00 
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Table 3.6: Summary of key test results from 3-point bending 
Specimen Mel (kNm) 
Mpl 
(kNm) 
Mu (kNm) θpl (rad) θu (rad) R 
I-200×140×6×6-1 111 124 134 0.0384 0.0640 0.67 
I-200×140×8×6-1 137 151 195 0.0354 0.169 3.77 
I-200×140×10×8-1 165 183 264 0.0317 0.279 7.80 
I-200×140×12×8-1 187 210 305 0.0316 0.278 7.80 
 
 
Table 3.7: Dimensions of the tested cross-sections under 4-point bending  
Specimen 
Depth, 
hw 
(mm) 
Flange 
width, b 
(mm) 
Flange 
thickness, tf 
(mm) 
Web 
thickness, tw 
(mm) 
Weld 
throat, a 
(mm) 
I-200×140×6×6-1 202.05 138.60 6.11 6.01 5.00 
I-200×140×8×6-1 200.60 139.30 8.11 6.06 5.00 
I-200×140×10×8-1 199.27 139.00 10.26 7.99 6.00 
I-200×140×12×8-1 198.87 139.64 12.32 8.07 6.00 
 
 
Table 3.8: Summary of key test results from 4-point bending 
Specimen 
Mel 
(kNm) 
Mpl 
(kNm) 
Mu 
(kNm) 
κpl (mm
-1) κu (mm
-1) R 
I-200×140×6×6-2 110 124 132 2.74×10-5 7.37×10-5 1.69 
I-200×140×8×6-2 138 151 169 2.53×10-5 0.000141 4.57 
I-200×140×10×8-2 166 185 219 2.26×10-5 0.000343 14.20 
I-200×140×12×8-2 186 207 259 2.234×10-5 0.000245 9.98 
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Figure 3.16: Typical failure mode from 3-point bending tests 
 
 
 
Figure 3.17: Typical failure mode from 4-point bending tests 
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Figure 3.18: Normalised moment-rotation curves for the tested sections under 3-point 
bending 
 
 
 
Figure 3.19: Normalised moment-curvature curves for the tested sections under 4-
point bending 
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3.3 NUMERICAL MODELLING 
 
3.3.1 Introduction 
 
A numerical study using the general-purpose finite element analysis package 
ABAQUS (Hibbitt et al., 2010) was conducted in parallel with the testing programme. 
Initially, the experimental results reported in Section 3.2 were used to validate the FE 
models. The validated FE models were subsequently used for parametric studies to 
assess the influence of key parameters on the structural response of lean duplex 
stainless steel cross-sections over a wide range of slendernesses.   
 
 
3.3.2 Basic modelling assumptions 
 
The finite element type S4R, a four-noded doubly curved general-purpose shell 
element with reduced integration and finite membrane strains, selected from the 
ABAQUS (Hibbitt et al., 2010) element library, was used throughout the study. 
Measured geometric and material properties, as obtained from the experimental 
investigation, were carefully incorporated into the numerical models. The material 
properties adopted for the stub column models were the average of those obtained 
from the two longitudinal compressive coupon tests for each material thickness. For 
the 3-point and 4-point bending models, the average stress-strain response of the two 
tensile coupons for each thickness were applied to the lower halves of the beams, 
while the average of the two longitudinal and two transverse compressive coupons 
were applied to the upper halves. Boundary conditions were carefully selected to 
mimic the experimental setups. For the stub column, all degrees of freedom were 
restrained at the two end cross-sections of the models apart from vertical translation at 
the loaded end to allow for vertical displacement. For the 3-point and 4-point bending 
models, vertical displacement was restrained at the ends of the beams, while lateral 
displacement was prevented at the positions of the lateral restraints. Longitudinal 
displacement was prevented at the mid-spans of the beams. 
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3.3.3 Material modelling 
 
The two-stage Ramberg-Osgood model described by Gardner and Ashraf (2006) and 
discussed in Section 2.4.4 was employed to represent the stress-strain response of 
stainless steel; for incorporation into ABAQUS, this was approximated with a multi-
linear model defined in terms of true stress and log plastic strain. The relationship 
between true stress and engineering stress, σtrue and σnom, respectively, is given by 
Equation (2.3), while the relationship between log plastic strain and engineering 
strain, plln  and εnom, respectively is given by Equation (2.4). 
 
 
3.3.4 Initial geometric imperfections 
 
The method adopted in the present study to account for initial geometric 
imperfections was to first perform an elastic buckling analysis to determine the lowest 
relevant elastic buckling mode shape, and then to use this mode shape, with a chosen 
amplitude, as the initial geometric imperfection in a subsequent nonlinear analysis. 
The nonlinear analysis was performed using the modified Riks methods (Hibbitt et 
al., 2010), which is an algorithm that enables effective solutions to be found to 
unstable problems (e.g., post ultimate response of stub columns) and adequately 
traces nonlinear unloading paths. Four imperfection amplitudes were considered: (1) 
the maximum measured imperfection ω0 from the laboratory, (2) t/100, where t is the 
thickness of the web for the stub column tests and the thickness of the flanges for the 
3-point and 4-point beam tests (since these were the critical (i.e. most slender) 
elements in each case), (3) t/1000 and (4) the imperfection amplitude ωD&W derived 
from the predictive model of Dawson and Walker (1972) as modified by Gardner and 
Nethercot (2004b) defined by Equation (3.3),  
 
 tσσ 0.023ω cr0.2W&D                              (3.3) 
 
where σ0.2 is the tensile 0.2% proof stress and σcr is the elastic critical buckling stress 
of the most slender constituent plate element in the section, determined on the basis of 
the flat width of the element. Note that only local imperfections were considered in 
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the models, since global buckling was prevented. 
 
 
3.3.5 Residual stresses 
 
A brief description of the origin and effect of residual stresses on structural 
components is presented in Chapter 2. As part of the numerical study conducted in 
this Chapter, residual stresses were accounted for in the numerical models by creating 
partitions in the top and bottom flanges and the web of each section where the 
relevant stress blocks were applied, using  the *INITIAL CONDITIONS command. 
Prior to the application of external loading, a preliminary load step to allow 
equilibration of the residual stresses was defined.  Details of the implemented 
membrane residual stress model may be found in Gardner and Cruise (2009). 
 
 
3.3.6 Validation of models and parametric studies 
 
The results from the numerical models, both with and without residual stresses, were 
initially compared to the laboratory test results generated herein on lean duplex 
stainless steel stub columns and beams to assess the accuracy and validity of the FE 
simulations. In addition to the general load-deformation response and failure modes, 
key values were compared, including ultimate loads Nu and moments Mu. 
 
The results obtained from models with residual stresses showed little variation from 
those without residual stresses. A typical example of this is given in Figure 3.20, 
showing the FE load-deformation response for cross-sections I-200×140×6×6−1 and 
I-200×140×12×8−1. For the configurations examined, the effect of residual stresses 
was consistently very small; thus residual stresses were excluded from the future 
models, which led to significantly improved numerical stability.  
 
 
CHAPTER 3 – CROSS-SECTION STABILITY 
73 
 
 
Figure 3.20: Effect of residual stresses on I−200×140×6×6-1 and 
I−200×140×12×8-1 3-point bending FE models 
 
 
Table 3.9 shows a comparison between the key numerical results (without residual 
stresses) and the laboratory results, considering four imperfection amplitudes. Using 
the measured imperfection amplitudes, an average ratio of FE to test ultimate load of 
0.97 with a coefficient of variation (COV) of 0.06 was achieved. In addition to 
ultimate load, the stiffness, failure mode and general load–deflection, moment–
rotation, and moment–curvature curves obtained from the FE models were generally 
in good agreement with those obtained from the experiments. Typical numerical 
failure modes from the stub column tests, the 3-point bending tests and the 4-point 
bending tests are shown in Figures 3.21-3.23, respectively. A comparison between the 
experimental and numerical load–end shortening, normalised moment–rotation and 
normalised moment–curvature curves for some typical tested sections are depicted in 
Figures 3.24-3.26, respectively. 
 
When imperfection amplitudes other than the measured ones were employed, the 
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is the least of the three imperfection models considered. Given this, and considering 
its successful application in similar previous studies (Ashraf et al., 2006), the Dawson 
and Walker model was chosen to determine the imperfection amplitudes for the 
parametric studies. 
 
Having validated the FE models, a series of parametric studies were initiated. The aim 
of the parametric studies was to expand the available results over a wider range of 
cross-section slendernesses in order to assess the general structural behaviour of lean 
duplex stainless steel welded I-sections and to investigate the applicability of codified 
slenderness limits. A total of 36 parametric results were generated. The basic 
geometry of the components considered in the parametric studies, including member 
length, section height and flange width were kept constant. The thickness of the 
flanges and the webs were varied to cover a range of cross-section slenderness c/tε of 
between 25 and 56 for the stub columns and between 5 and 115 for beams, where, in 
accordance with Eurocode 3: Part 1-4 (2006), c is the flat element width, t is the 
element thickness and ε = [(2 5/σ 0.2)(E/210000)]
 0.5. Furthermore, for the 3-point and 
4-point beams two cases – the flange being the most critical element and the web 
being the most critical element – were considered. The basic modelling assumptions 
were as described previously. The material stress-strain curve adopted for the 
parametric studies was derived from the average of the experimental stress-strain 
curves of the four tested plate thicknesses.       
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Table 3.9: Comparison of the laboratory test results with FE results for varying imperfection amplitudes 
 
 
Imperfection amplitude 
Test type Specimen  
Measured 
amplitude 
t/100 t/1000 
Dawson and Walker 
ωD&W 
FE Nu/Test Nu FE Nu/Test Nu FE Nu/Test Nu FE Nu/Test Nu 
Stub column  
I-200×140×6×6 0.88 0.90 1.04 0.93 
I-200×140×8×6 0.93 0.94 1.02 0.94 
I-200×140×10×8 1.01 1.00 1.02 0.95 
I-200×140×12×8 0.98 0.97 0.99 0.93 
3-point bending  
I-200×140×6×6-1 1.06 1.04 1.08 1.04 
I-200×140×8×6-1 0.94 0.94 0.94 0.94 
I-200×140×10×8-1 0.93 0.93 0.93 0.93 
I-200×140×12×8-1 0.92 0.95 0.95 0.95 
4-point bending  
I-200×140×6×6-2 1.02 1.02 1.02 1.02 
I-200×140×8×6-2 1.03 1.03 1.03 1.03 
I-200×140×10×8-2 1.01 1.01 1.01 1.01 
I-200×140×12×8-2 0.90 0.93 0.93 0.93 
Mean 
 
0.97 0.97 1.00 0.97 
COV 
 
0.06 0.05 0.05 0.05 
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Figure 3.21: Typical local buckling failure mode from the FE stub column models 
 
 
 
 
 
 
 
 
 
 
Figure 3.22: Typical FE failure mode in the 3-point bending configuration 
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Figure 3.23: Typical FE failure mode in the 4-point bending configuration 
 
 
 
Figure 3.24: Experimental and numerical load-end shortening curve for the stub 
column I−200×140×10×8 
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Figure 3.25: Experimental and numerical normalised moment-rotation curve for the 
3-point bending of I−200×140×10×8-1 
 
 
 
Figure 3.26: Experimental and numerical normalised moment-curvature curve for 
the 4-point bending of I−200×140×10×8-2 
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3.4 ANALYSIS OF RESULTS AND DESIGN 
RECOMMENDATIONS 
 
3.4.1 Introduction 
 
The results from the laboratory tests and the numerical analyses on welded I-sections 
carried out in the present study, together with the results of previous laboratory tests 
on lean duplex stainless steel cold-formed hollow sections (Theofanous and Gardner, 
2009; 2010), are used to assess the applicability of the current cross-section 
classification limits of Eurocode 3: Part 1.4 (2006), the proposed limits of Gardner 
and Theofanous (2008), and the continuous strength method (CSM) (Gardner, 2008; 
Gardner at al., 2011) to lean duplex stainless steel.  All comparisons have been carried 
out using the measured geometry and material properties. Finally, the structural 
performance of lean duplex stainless steel will be compared to that of the austenitic, 
ferritic and duplex grades.  
 
 
3.4.2 Slenderness limits 
 
The most significant difference in terms of structural response between stainless steel 
and carbon steel stems from their stress-strain relationships. Stainless steel exhibits a 
rounded stress-strain curve with no sharp yield point, high ductility, and significant 
strain hardening, whereas carbon steel exhibits a stress-strain relationship with a sharp 
yield point and some strain hardening. Eurocode 3: Part 1.4 (2006) treats stainless 
steel similarly to carbon steel by considering the material model of stainless steel to 
be elastic-perfectly plastic. Following this assumption, the nominal yield stress of 
stainless steel is considered to be the 0.2% proof stress σ0.2. Furthermore, similar to 
the carbon steel cross-section classification found in Eurocode 3: Part 1.1 (2005), but 
with differences in the slenderness limits and effective width formulae, Eurocode 3: 
Part 1.4 (2006) defines four cross-section classes (Class 1, 2, 3 and 4) based on the 
width-to-thickness ratios of the constituent elements. In compression, distinction is 
only made between Class 1-3 cross-sections that can attain their yield load (Aσ0.2) and 
Class 4 cross-sections that, due to local buckling, cannot.  In bending, cross-sections 
CHAPTER 3 – CROSS-SECTION STABILITY 
80 
 
that are capable of attaining and maintaining their full plastic moment capacity Mpl 
with sufficient deformation capacity for plastic design are considered to be of Class 1. 
Class 2 cross-sections are those that are capable of attaining their full plastic moment 
capacity. Cross-sections capable of attaining their elastic moment capacity Mel are 
classified as Class 3, and finally those where local buckling prevents Mel from being 
reached are Class 4. It is worth nothing that although EN 1993-1-4 (2006) 
differentiates between Class 1 and Class 2 sections through the provision of separate 
slenderness limits, plastic design is disallowed in the code.  A summary of the current 
codified slenderness limits for carbon steel (2005) and stainless steel (EN 1993-1-4, 
2006), together with those proposed by Gardner and Theofanous (2008), are presented 
in Table 3.10.  
 
 
3.4.3 Compression 
 
The results obtained from the stub column tests and FE models are shown in Figure 
3.27, where the key response characteristic Nu/Aσ0.2 is plotted against the slenderness 
of the most slender constituent element in the cross-section (this being the internal 
web element in all cases), cw/twε, where cw is the depth of the web (EN 1993-1-4, 
2006), tw is the thickness of the web, and ε is defined in Eurocode 3: Part 1.4 (2006) 
as ε = [(2 5/σ 0.2)(E/210000)]
0.5. It can be seen that on a normalised basis the welded I-
sections and cold-formed hollow sections results exhibit a common trend. It can also 
be concluded that the current Class   slenderness limit of  0.7ε as given in Eurocode 
3: Part 1.4 EN 1993-1-4 (2006) can be safely applied to lean duplex stainless steel but 
the proposed limit (2008) of  7ε  will provide added economy. A detailed description 
of the origin of the proposed cross-section slenderness limits, which involved a 
reliability analysis in accordance with EN 1990 (2002), is provided by Gardner and 
Theofanous (2008).   
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Figure 3.27: Assessment of Class 3 slenderness limits for internal web elements in 
compression 
 
 
3.4.4 Bending 
 
The results obtained from the experimental and numerical studies for the cases of 3-
point and 4-point bending were collected and analysed. For the tested welded I-
sections, the outstand flange element was found to be the most slender element in the 
cross-section, while in the numerical analysis, the two cases of  flange-critical and 
web-critical were considered. For the previous bending tests on cold-formed lean 
duplex stainless steel hollow sections (Theofanous and Gardner, 2010), the internal 
compression element was critical in all cases, allowing no direct comparison to the 
results on welded I-sections obtained herein. The relevant response characteristics 
Mu/Mel, Mu/Mpl, and the rotation capacity R to investigate the Class 3, 2 and 1 
slenderness limits, respectively, are plotted against the slenderness of the most slender 
constituent element in the cross-section, cw/twε (when the web is critical) and cf/tfε 
(when the flange is critical), where cf is the width of the outstand flange, and tf is the 
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not reached in a number of the tests (see Figure 3.18 and 3.19) and hence the 
presented values are conservatively based on the maximum rotations that were 
achieved. A rotations capacity requirement of R = 3 has been assumed for a Class 1 
cross-section, as used in the development of Eurocode 3 for carbon steel (EN 1993-1-
1, 2005).  
 
Firstly, from Figures 3.28-3.33 it may be observed that beams tested in the 3-point 
configuration have greater resistance than those in the 4-point configuration. This is a 
commonly observed phenomenon and relates to the restricted local buckling 
wavelength that arises in the 3-point configuration due to the moment gradient.  
 
Similarly to the findings of Section 3.4.3, both Class   limits of 11ε and 74.8ε in EN 
1993-1-4 (2006) for welded outstand flanges in compression and internal webs in 
bending respectively, were found to be safe, but conservative - see Figures 3.28 and 
3.29, while, the proposed limits (Gardner and Theofanous, 2008) of 14ε and 90ε allow 
for more cross-sections to be considered as Class 3, thus providing more economic 
designs. The same conclusion applies to Class 2 cross-sections, where the limits of 
EN 1993-1-4 (2006) are found to be safely applicable to both welded outstand 
elements in compression and internal web elements in bending, as shown in Figures 
3.30 and 3.31. However, the proposed limits (Gardner and Theofanous, 2008) offer 
greater efficiency and allow for more cross-sections to be considered Class 2 rather 
than Class 3.  
 
Finally, Class 1 cross-section requirements are considered in Figures 3.32 and 3.33 
where the rotation capacity from both the experiments and FE data were plotted. The 
EN 1993-1-4 (2006) limits for Class 1 cross-sections may be seen to be safely 
applicable to lean duplex stainless steel, while the more relaxed Class 1 limits 
proposed in Gardner and Theofanous (2008) allow for more sections to be classified 
as Class 1 on the basis of a rotation capacity of R = 3, though as previously 
mentioned, plastic design is not currently allowed for stainless steel sections.  
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Table 3.10: Eurocode 3 slenderness limits for carbon steel (CS), stainless steel (SS) and proposed limits for stainless steel compression elements 
 
Class 1 Class 2 Class 3 
Element CS limit SS limit 
Proposed 
limit 
CS limit SS limit Proposed limit CS limit SS limit 
Proposed 
limit 
Internal element    ε  25.7ε   ε   8ε  26.7ε  5ε  42ε  0.7ε   7ε  
in compression 
Internal element 72ε 56ε 72ε 8 ε  58.2ε 76ε 124ε 74.8ε 90ε 
in bending 
Welded outstand   9ε 9ε 9ε 10ε 9.4ε 10ε 14ε 11ε 14ε 
element in compression 
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Figure 3.28: Assessment of Class 3 slenderness limits for welded outstand flanges in 
compression 
 
 
 
Figure 3.29: Assessment of Class 3 slenderness limits for internal web elements in 
bending 
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Figure 3.30: Assessment of Class 2 slenderness limits for welded outstand flanges in 
compression 
 
 
 
Figure 3.31: Assessment of Class 2 slenderness limits for internal web elements in 
bending 
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Figure 3.32: Assessment of Class 1 slenderness limits for welded outstand flanges in 
compression 
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Figure 3.33: Assessment of Class 1 slenderness limits for internal web elements in 
bending 
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3.5 Continuous strength method 
 
From the above comparisons, it was shown that proposed slenderness limits (Gardner 
and Theofanous, 2008) offer a better estimation of the cross-section behaviour when 
compared to the current provisions of EN 1993-1-4 (2006) but the accuracy of 
prediction of cross-section capacity is still limited by the analogy with carbon steel 
and neglection of strain hardening. The continuous strength method (CSM) is a 
recently developed deformation-based design method (Gardner, 2008; Gardner et al., 
2011) that replaces traditional cross-section classification with a continuous non-
dimensional measure of the deformation capacity of a cross-section, and employs a 
strain hardening material model to assess accurately the capacity of stainless steel 
cross-sections. A detailed description of the CSM can be found in Chapter 7 of this 
thesis while the key design expressions adopted in this chapter are briefly described 
herein.  
 
The continuous strength method defines the section slenderness on the basis of the 
full cross-section (Schafer, 2008) or, conservatively on the basis of the most slender 
constituent element (Equation (3.4)), thus:  
 
cr
2.0
p


                               (3.4) 
 
where σ0.2 is the material 0.2% proof stress and σcr is the elastic buckling stress.  
 
The CSM limiting stress σcsm is determined directly from the strain hardening material 
model defined in (Gardner, 2008; Gardner et al., 2011) and is given by Equation 
(3.5): 
 
)(E ycsmsh2.0csm   for εcsm ≥ εy                  (3.5) 
where the normalised deformation capacity of the cross-section εcsm/εy is obtained 
through Equation (3.6): 
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in which εy=σ0.2/E is the yield strain of the material, E is the Young's modulus,  εcsm is 
the CSM limiting strain of the section, εu is the strain at the ultimate tensile stress, 
taken as εu = 1- σ0.2/σu, and Esh is the strain hardening slope defined as follows in 
Equation (3.7): 
 
 
   002.016.0
E
yu
2.0u
sh


                                         (3.7) 
where σu is the ultimate tensile stress. 
 
An extensive description of the CSM is presented in Chapter 7 where all relevant 
design equations are included and explained. The predicted capacities of the tested 
sections in compression and bending, according to the CSM, EN 1993-1-4 (2006), 
and the proposed slenderness limits (Gardner and Theofanous, 2008) are presented in 
Table 3.11. The comparisons show that the CSM gives improved predictions for the 
stub column tests and the bending tests over both the EN 1993-1-4 (2006) and the 
proposed limits Gardner and Theofanous, 2008).  It should be noted that CSM is not 
applied to element slenderness exceeding the specified limit of application of p ≤ 
0.748, beyond this limit, the effective width method could be utilized.  
 
 
 
 
 
 
 
 
CHAPTER 3 – CROSS-SECTION STABILITY 
89 
 
 
Table 3.11: Assessment of EN1993-1-4, the proposed limits and the CSM for the 
tested specimens and FE models 
Test type Specimen designation EC3/Test Proposed/Test CSM/Test 
Stub column tests 
I-200×140×6×6 0.91 0.93 - 
I-200×140×8×6 0.92 0.96 - 
I-200×140×10×8 0.88 0.88 0.90 
I-200×140×12×8 0.86 0.86 0.88 
Stub column FE 
models 
I-200×140×8×4.8 0.84 0.85 - 
I-200×140×9×5.4 0.81 0.82 - 
I-200×140×10×6 0.78 0.79 - 
I-200×140×11×6.6 0.76 0.78 - 
I-200×140×12×7.2 0.74 0.76 0.88 
I-200×140×14×8.4 0.72 0.83 0.83 
I-200×140×16×9.6 0.83 0.83 0.88 
I-200×140×18×10.8 0.83 0.83 0.92 
3-point bending 
tests 
I-200×140×6×6-1 0.72 0.76 - 
I-200×140×8×6-1 0.69 0.70 0.78 
I-200×140×10×8-1 0.69 0.69 0.75 
I-200×140×12×8-1 0.69 0.69 0.83 
3-point bending FE 
models 
I-200×140×4×2.4-1 0.91 0.97 - 
I-200×140×5×3-1 0.90 0.90 - 
I-200×140×6×3.6-1 0.65 0.75 - 
I-200×140×8×4.8-1 0.70 0.78 0.85 
I-200×140×9×5.4-1 0.75 0.75 0.84 
I-200×140×12×7.2-1 0.79 0.79 0.91 
I-200×140×14×8.4-1 0.79 0.79 0.99 
I-200×140×16×9.6-1 0.78 0.78 0.99 
I-200×140×6×2.4-1 0.75 0.86 - 
I-200×140×8×3.2-1 0.75 0.76 0.87 
I-200×140×10×4-1 0.77 0.77 0.88 
I-200×140×12×4.8-1 0.82 0.82 0.93 
I-200×140×16×6.4-1 0.81 0.81 1.04 
I-200×140×20×6.4-1 0.82 0.82 1.05 
4-point bending 
tests 
I-200×140×6×6-2 0.73 0.77 - 
I-200×140×8×6-2 0.79 0.81 0.90 
I-200×140×10×8-2 0.85 0.85 0.92 
I-200×140×12×8-2 0.80 0.80 0.95 
4-point bending FE 
models 
I-200×140×4×2.4-2 1.01 1.08 - 
I-200×140×5×3-2 1.04 1.04 - 
I-200×140×6×3.6-2 0.75 0.86 - 
I-200×140×8×4.8-2 0.77 0.86 0.93 
I-200×140×9×5.4-2 0.82 0.82 0.92 
I-200×140×12×7.2-2 0.85 0.85 0.98 
I-200×140×12×8.4-2 0.87 0.87 1.10 
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Table 3.11 (continued): Assessment of EN1993-1-4, the proposed limits and the CSM 
for the tested specimens and FE models 
Test type Specimen designation EC3/Test Proposed/Test CSM/Test 
4-point bending 
FE models 
I-200×140×16×9.6-2 0.87 0.87 1.10 
I-200×140×6×2.4-2 0.85 0.98 - 
I-200×140×8×3.2-2 0.78 0.79 0.90 
I-200×140×10×4-2 0.87 0.87 0.99 
I-200×140×12×4.8-2 0.86 0.86 0.98 
I-200×140×16×6.4-2 0.82 0.82 1.05 
I-200×140×20×6.4-2 0.81 0.81 1.03 
Mean  
 
0.81 0.83 0.93 
COV 
 
0.097 0.095 0.093 
 
 
3.6 Comparison with other stainless steel grades 
 
Lean duplex is a relatively new grade of stainless steel and there is limited knowledge 
about its structural behaviour. To assess the performance of lean duplex stainless steel 
relative to other stainless steel families – austenitic, ferritic, and duplex – a number of 
comparisons are presented in this section. The results obtained from the stub column 
tests performed on lean duplex stainless steel welded I-sections and cold-formed 
hollow sections (Theofanous and Gardner, 2009) were compared to existing test 
results from other grades (Kuwamura, 2003; ECSC WP6, 2000; ECSC WP2, 2000), 
in Figure 3.34. Upon examination of the results, two main conclusions can be drawn. 
First, for similar values of slenderness the results from the lean duplex sections 
exhibit similar (normalised) performance to equivalent sections of other stainless steel 
grades. Second, the results show that the Eurocode 3: Part 1.4 (2006) Class 3 limits 
are conservative and that the proposed limits (Gardner and Theofanous, 2008) allow 
for more sections to be designed as Class 3 cross-sections.  
 
The results obtained from the 4-point bending tests performed on welded I-sections 
were also compared to test results from other grades (ECSC WP2, 2000; Yamada and 
Kato, 1988), in Figures 3.35 and 3.36.  The comparisons show similar normalised 
performance between the grades, and demonstrate that both the codified (EN 1993-1-
4, 2006) and proposed slenderness limits (Gardner and Theofanous, 2008) are safely 
applicable.  
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Figure 3.34: Class 3 limits for internal compression elements – comparison between 
stainless steel grades 
 
 
 
Figure 3.35: Class 3 limits for welded outstand flanges – comparison between 
stainless steel grades 
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Figure 3.36: Class 2 limits for welded outstand flanges – comparison between 
stainless steel grades 
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normalised basis, the behaviour is similar to other stainless steel grades, and hence, 
lean duplex stainless steel can be added to future revisions of EN 1993-1-4.  
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CHAPTER 4 
 
CONTINUOUS BEAMS 
 
4.1 INTRODUCTION 
 
Current European structural design codes use the process of cross-section 
classification to identify those structural sections that are suitable for plastic design, 
this being the method by which indeterminate structures attain a sequence of plastic 
hinges under increasing load until a collapse mechanism is formed. The European 
structural design codes for both carbon steel (EN 1993-1-1, 2005) and stainless steel 
(EN 1993-1-4, 2006) define four classes of cross-section based on their susceptibility 
to local buckling – plastic design can only be applied to indeterminate carbon steel 
structures comprising Class 1 sections. For stainless steel, plastic design is not 
currently allowed despite the existence of Class 1 slenderness limits and the high 
material ductility (Gardner, 2005). Hence, an experimental and analytical research 
program investigating the applicability of plastic design to indeterminate stainless 
steel structures was initiated.  
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The present chapter assesses the applicability of plastic design to stainless steel 
indeterminate structures. A review of the current carbon steel plastic design 
provisions is first presented, followed by a description of a series of laboratory tests 
and numerical analyses performed on lean duplex stainless steel welded I-sections. 
The experiments include eight continuous beam tests, the results of which are used 
together with supplementary numerically generated results, to evaluate the design 
provisions of EN 1993-1-4 (2006) and traditional plastic design.  The results show 
that neglecting material strain-hardening and moment redistribution in the continuous 
beams, which is the approach of the current design provisions of EN 1993-1-4 (2006), 
results in overly conservative designs. However, improved efficiency may be 
achieved by applying plastic design and the continuous strength method (CSM) 
(Ashraf et al., 2008; Gardner et al., 2011), outlined in Chapters 3 and 7, to the 
continuous beam tests. This is mainly because CSM accounts for the actual material 
response at cross-sectional level, as well as moment redistribution.  
 
 
4.2 OVERVIEW OF PLASTIC DESIGN 
 
4.2.1 Plastic analysis 
 
The majority of the available studies (both experimental and analytical) carried out to 
investigate plastic design are focused on carbon steel cross-sections, whereas, 
relatively few studies have been performed on stainless steel structures where the 
main focus to date has been on the ultimate moment capacity rather than the rotation 
capacity and redistribution.   
 
Plastic analysis was initially based on an elastic, perfectly-plastic material behaviour 
(approximating carbon steel material response) but is now considerably simplified by 
assuming rigid-plastic material behaviour and adopting the classical theorems of 
plasticity (i.e. upper bound theorem, lower bound theorem, uniqueness theorem). 
However, in general, it is expected that the basic parameters controlling the rotation 
capacity of any metallic structure will be similar to those of carbon steel. When 
considering plastic design, failure is controlled by the formation of a mechanism of 
plastic hinges at ultimate load, utilising moment redistribution and hence the 
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exploitation of the structure’s reserve capacity. In order for this failure mechanism to 
develop, the material should be ductile (i.e. the ability of a material, member or 
structure to deform plastically without fracturing) enough to allow the formation of 
the first plastic hinge (with sufficient rotation capacity) and subsequently the 
remainder of the plastic hinges. Upon the development of the first plastic hinge, the 
hinge is expected to rotate freely sustaining its plastic moment capacity and 
permitting the formation of other hinges (through moment redistribution) until the 
structure fails. Therefore, ductility is considered to be a basic requirement for plastic 
design. It is also worth noting that prior to the formation of the first plastic hinge, the 
structure is assumed to behave elastically.  
 
 
4.2.2 Calculation of rotation capacity 
 
As previously mentioned, sufficient rotation capacity is crucial for the application of 
plastic design. Several factors affect the rotation capacity of a cross-section such as: 
local buckling, controlled by local plate slenderness of all constituent plate elements 
(Gardner and Theofanous, 2008), interactive local and lateral torsional buckling (Lay 
and Galambos 1965, 1967; Kemp 1985, 1986, 1992), moment gradient (Kuhlmann, 
1989) and material response, such as strain hardening modulus, length of yielding 
plateau and ultimate stress to yield stress ratio (Ricles et al., 1998). In general, the 
occurrence of local buckling is considered to be the major limitation in the 
development of sufficient rotation capacity (stocky cross-sections have higher rotation 
capacity than slender cross-sections). Local buckling is treated in the design codes by 
limiting the slenderness of the constituent plate elements according to the required 
structural behaviour.  
 
For the calculation of the rotation capacity R of the stainless steel cross-sections 
reported in Chapter 3 and herein, Equation (4.1), originally developed for carbon 
steel, has been adopted, where, θu is the total rotation at mid-span when the moment 
curve falls back below Mpl and θpl is the elastic component of the rotation when Mpl is 
reached, as depicted in Figure 4.1. The rotation capacity of a specimen is typically 
derived experimentally from three-point bending tests or four-point bending tests 
(rotation is substituted by curvature). This equation has been successfully applied to 
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stainless steel cross-sections (Gardner and Theofanous, 2008), and has featured 
extensively in published research on the calculation of rotation capacity for carbon 
steel cross-sections (Lukey and Adams, 1969; Kuhlmann, 1989, Korol and Huboda, 
1972; Ricles et al., 1998; Rasmussen and Hancock, 1993). This definition has also 
been adopted in EN 1993-1-1 (2005) according to Bild et al. (1989) and Sedlacek and 
Feldmann (1995). Other definitions for the calculation of the rotation capacity have 
been developed by Kemp (1985, 1986) where the rotation capacity is determined 
based on the maximum moment rather than the plastic moment Mpl. Furthermore, 
Kemp (1985, 1986) highlighted the influence of the stiffness of the testing apparatus 
on the falling branch of the moment-rotation curve and the difficulty in replicating 
this behaviour with other testing machines.  
 
1
θ
θ
R
pl
u                         (4.1) 
 
 
Figure 4.1: Definition of rotation capacity 
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4.2.3 Minimum required rotation capacity 
 
In order to utilise plastic design, the rotation capacity of the structural cross-section 
must surpass the rotation requirement at the hinge for the given structural frame and 
distribution of load. Several studies have been performed to try to define the 
minimum required rotation capacity of a cross-section, with the majority of research 
being on carbon steel structures. 
 
Early attempts to investigate the required rotation capacity for carbon steel 
indeterminate structures were carried out by Driscoll (1957, 1958). He proposed a 
required rotation capacity of R=12 for plastic analysis. His proposal was based on 
examining both continuous steel beams and single span steel frames exhibiting a 
bilinear stress-strain response. Further research was conducted by McDermott (1969) 
who concluded that a cross-section would only have sufficient rotation capacity if 
local buckling did not occur prior to strain-hardening. He proposed a minimum strain 
of 2% for the minimum required curvature capacity for a cross-section, independent 
of its structural form and load pattern. This approach is not applicable to stainless 
steel since it exhibits a continuous strain-hardening response with no clearly defined 
yield plateau. Furthermore, the amount of hinge rotation required for a mechanism to 
form is directly related to the structural layout and load patterns.  
 
The study by Korol and Huboda (1972) indicated that for the first plastic hinge that 
forms in a highly redundant structure, intense rotation demands are required for the 
full theoretical collapse load to be achieved. For practical applications, a fraction of 
this rotation capacity, corresponding to the theoretical collapse load, is required as 
attaining a high proportion of the theoretical collapse load of the structure is 
sufficient.  Korol and Huboda (1972) studied hollow sections and recommended that a 
value of R = 4 is the minimum required to ensure that a plastic mechanism could 
form. This value of R was also adopted by Hasan and Hancock (1988) and Zhao and 
Hancock (1991) for the Australian Standard AS 4100 (1990).  
 
Yura at al. (1978) proposed a required rotation capacity of R = 3 for a plastic 
mechanism to develop. This value was the same as the one adopted in the American 
Institute of Steel Construction Load and Resistance Factor Design (AISC LRFD) 
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Code (AISC, 1994), except for seismic regions where the rotation capacity is 
increased to R = 7 ~ 9 (Chopra and Newmark, 1980). Kemp (1986, 1992) highlighted 
the importance of bolted connections in increasing the rotations at critical sections 
and hence increasing the overall resistance of the structure. Furthermore, Kemp 
(1986, 1992) took into account the effects of strain hardening and recommended a 
value of R = 5 (or R = 3 when rotation capacity is calculated at ultimate moment) for 
the formation of a plastic mechanism. Stranghöner et al. (1994) investigated the 
behaviour of rectangular hollow sections (RHS), square hollow sections (SHS) and 
circular hollow sections (CHS) carbon steel beams and found that R = 3 was an 
acceptable rotation capacity requirement for  continuous beams. 
 
Finally, the current European carbon steel design code EN 1993-1-1 (2005) was 
developed on the basis of a minimum rotation capacity of R = 3 for the plastic design 
of carbon steel indeterminate structures (Bild et al., 1980; Sedlacek and Feldmann, 
1995). According to EN 1993-1-1 (2005), this minimum rotation capacity of R = 3 is 
only available for Class 1 cross-sections. Since the current stainless design guidance 
EN 1993-1-4 (2006) does not allow for plastic design, the minimum rotation capacity 
adopted in this thesis for Class 1 cross-sections is the same as that of carbon steel (R 
= 3). Further research on the plastic design for stainless steel structures is required; 
hence, an experimental study on stainless steel continuous beams has been carried out 
and is reported in the following sections of this chapter. 
 
 
4.3 EXPERIMENTAL INVESTIGATION 
 
4.3.1 Introduction 
 
An experimental study of the structural response of lean duplex stainless steel welded 
I-section continuous beams has been carried out in the Structures Laboratory at 
Imperial College London. Eight two span continuous beam tests (five-point bending) 
were carried out, enabling the study of stainless steel indeterminate structures and the 
evaluation of the current codified provisions. It is worth noting that the cross-sectional 
dimensions of the welded I-sections used in the continuous beam tests are similar to 
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the ones used in the simple beam tests of Chapter 3. This allows for a better 
understanding of the effect of moment redistribution on the ultimate capacity.  
4.3.2 Material tests 
 
The tested cross-sections of the continuous beams reported herein were extracted 
from the same plate material and thicknesses as those of the simple beams described 
in Chapter 3. Therefore, the material properties determined for the thicknesses 6 mm, 
8mm, 10 mm and 12 mm presented in Chapter 3 are utilized in this chapter. The 
obtained tensile and compressive material properties are shown in Tables 3.1 and 3.2, 
where all symbols have been defined previously. Note that for each thickness the 
average of the obtained σ0.2 (0.2% proof stress) from both tensile and compressive 
coupon tests is used to obtain the elastic and plastic moment resistances Mel and Mpl 
respectively.  
 
 
4.3.3 Continuous beam tests 
 
A total of eight continuous beam tests were conducted, with the nominal section 
dimensions being the same as those employed for the simple beam tests (Chapter 3), 
to allow a direct assessment of the effect of moment redistribution on ultimate 
capacity. The beams had a total length of 5000 mm and were continuous over three 
rollers; the end rollers allowed free axial displacements while the central roller was 
fixed against axial displacement. The clear span between the roller supports was 2400 
mm and a further 100 mm was provided at each end of the beam. Web stiffeners were 
provided for each of the tested beams at both the supports and loading points. The 
measured geometric properties for the welded I-sections are shown in Table 4.1, 
where the symbols are as previously defined.   
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Table 4.1: Measured dimensions of the continuous beam specimens 
Configuration Cross-section hw (mm) b (mm) tf (mm) tw (mm) a (mm) 
1/2 span 
I-200×140×6×6-1 202.40 139.22 6.07 6.02 5.00 
I-200×140×8×6-1 200.40 139.49 8.07 6.00 5.00 
I-200×140×10×8-1 199.30 139.62 10.21 8.05 5.00 
I-200×140×12×8-1 199.00 139.70 12.46 8.07 6.00 
1/3 span 
I-200×140×6×6-2 202.60 139.20 5.99 5.98 6.00 
I-200×140×8×6-2 200.60 139.68 8.09 5.95 5.00 
I-200×140×10×8-2 199.10 139.59 10.2 8.07 6.00 
I-200×140×12×8-2 198.70 139.61 12.42 8.06 6.00 
 
 
Two symmetrical loading configurations were employed to vary the required rotation 
capacity and moment redistribution before collapse. In the first configuration, denoted 
‘1/2 span’ in Table 4.1, the loads were applied at mid-span, whilst in the second 
configuration, ‘denoted 1/  span’, the loads were applied at a distance equal to 800 
mm (1/3 of the clear span length) from the central support. As for the simple beam 
tests discussed in Chapter 3, lateral restraints were provided at the support and load 
points to prevent lateral torsional buckling. The two configurations are shown in 
Figures 4.2 and 4.3, where the employed instrumentation consisting of a load cell at 
the central support, six spring potentiometers, two inclinometers and six strain gauges 
are shown.  
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Figure 4.2: Test configuration ‘1/2 span’ – loads applied at midspan 
 
 
 
Figure 4.3: Test configuration ‘1/3 span’ – loads applied at 800 mm from central 
support 
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potentiometers were attached to the bottom flange; these were located below the load 
points (i.e. 1200 mm from central support for the first configuration, and 800 mm 
from central support for the second configuration) to measure vertical displacement. 
The other four spring potentiometers were used in pairs of two at the ends of the 
specimens to measure the longitudinal displacement of the beams.  Finally, the load 
cell at the central support was utilised to measure the reaction force. The tests were 
carried out in an INSTRON 2000 kN machine and displacement-controlled at a rate of 
3.0 mm/min. Loads, rotations, displacements and strains were all recorded at one-
second intervals using the data acquisition system DATASCAN. 
 
The key experimental results are summarised in Table 4.2; including the total ultimate 
test load Fu (i.e. the sum of the two point loads), the theoretical total load 
corresponding to the formation of the first plastic hinge at the central support Fh1 and 
the theoretical total plastic collapse load Fcoll. The load Fh1 was determined based on 
elastic calculations, whereas Fcoll was determined by classical plastic analysis 
procedures. The typical failure modes for the 1/2 span and 1/3 span arrangements are 
shown in Figures 4.4 and 4.5 respectively, in which three distinct plastic hinges – one 
at the central support and one at each loading point, may be observed. The measured 
load-deflection (i.e. total applied force F against the total jack displacement δ) curves 
for configuration 1 and 2 are shown in Figures 4.6 and 4.7 respectively. Furthermore, 
the total applied load F is normalized by the theoretical collapse load Fcoll and plotted 
against the average end rotation for configurations 1 and 2 in Figures 4.8 and 4.9 
respectively.  
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Table 4.2: Results for continuous beam tests 
Configuration Cross-section Fu (kN) Fh1 (kN) Fcoll (kN) 
1/2 span 
I-200×140×6×6-1 668 552 620 
I-200×140×8×6-1 926 668 752 
I-200×140×10×8-1 1192 822 924 
I-200×140×12×8-1 1474 934 1050 
1/3 span 
I-200×140×6×6-2 820 552 766 
I-200×140×8×6-2 1062 678 942 
I-200×140×10×8-2 1402 832 1154 
I-200×140×12×8-2 1614 938 1302 
 
 
 
Figure 4.4: Typical failure mode of I-200×140×6×6-1 – configuration: 1/2 span 
 
 
 
Figure 4.5: Typical failure mode of I-200×140×8×6-2 – configuration: 1/3 span 
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Figure 4.6: Total load versus jack displacement for 1/2 span configuration 
 
 
 
Figure 4.7: Total load versus jack displacement for 1/3 span configuration 
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Figure 4.8: Normalised load versus end rotation for 1/2 span configuration 
 
 
 
Figure 4.9: Normalised load versus end rotation for 1/3 span configuration 
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4.4 NUMERICAL MODELLING 
 
4.4.1 Introduction 
 
A numerical modelling programme using the non-linear finite element analysis 
package ABAQUS version 6.10 (Hibbitt et al., 2010) was performed in parallel with 
the experimental investigation. The test results reported in the previous section have 
been used to validate the FE models and generate additional results through 
parametric studies. The basic modelling assumptions (i.e. element type, analysis 
technique, material modelling and initial geometric imperfections) made in this 
section are the same as those described in Chapters 2 and 3 for the modelling of the 
simple beam tests and will not be repeated in this section. Boundary conditions were 
carefully incorporated into the FE models to replicate the experimental setup of the 
continuous beam tests: vertical and lateral displacements were restrained at the three 
supports, lateral displacements were restrained at the loading points, which were also 
the locations of lateral restraints (and web stiffeners) in the tests, while longitudinal 
displacement was also restrained at mid-span. Two imperfection amplitudes were 
considered: (1) the maximum measured imperfection ω0 from the laboratory (as 
explained in Chapter 3) and (2) the imperfection amplitude ωD&W derived from the 
predictive model of Dawson and Walker (1972) as modified by Gardner and 
Nethercot (2004b) previously defined by Equation (3.3). Residual stresses were not 
accounted for following the conclusions of Chapter 3 where the effect of residual 
stresses was found to be negligible.  
 
 
4.4.2 Validation of models 
 
The results from the numerical models were initially compared to the laboratory test 
results generated herein on lean duplex stainless steel continuous beams to assess the 
accuracy and validity of the FE simulations. The comparisons were based on the 
general load-displacement and load-rotation curves and failure modes, as well as 
other key values such as the ultimate load obtained, denoted Fu,test and Fu,FE for the 
experimental and numerical results, respectively. The ratio of the numerical to 
experimental ultimate loads (Fu,FE/Fu,test) is presented in Table 4.3, considering two 
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imperfection amplitudes. Using the measured imperfection amplitudes, an average 
ratio of FE to test ultimate load of 0.97 with a coefficient of variation (COV) of 0.02 
was achieved. Similarly good agreement was observed when the Dawson and Walker 
imperfection amplitude ωD&W was employed, with an average ratio of FE to test 
ultimate load of 0.98 and a coefficient of variation (COV) of 0.03. Given the accurate 
results achieved with the Dawson and Walker model herein and in Chapter 3, this 
model will also be adopted for the parametric studies in this chapter. In addition to 
ultimate load, the stiffness, failure mode and general load–displacement and load–
rotation curves obtained from the FE models were generally in good agreement with 
those obtained from the experiments. Typical numerical failure modes from the 
continuous beam tests for configurations 1 and 2 are shown in Figures 4.10 and 4.11, 
respectively. Comparisons between the experimental and numerical load-rotation 
curves for some typical tested sections of configurations 1 and 2 are depicted in 
Figures 4.12 and 4.13. 
 
 
Table 4.3: Comparison of the laboratory test results with FE results for varying 
imperfection amplitudes 
  
 
Imperfection amplitude 
Configuration Cross-section 
Measured 
amplitude ω0 
Dawson and Walker 
ωD&W 
FE Fu/Test Fu FE Fu/Test Fu 
1/2 span 
I-200×140×6×6-1 1.01 0.98 
I-200×140×8×6-1 0.96 1.02 
I-200×140×10×8-1 0.97 0.95 
I-200×140×12×8-1 0.94 0.96 
1/3 span 
I-200×140×6×6-2 0.98 1.01 
I-200×140×8×6-2 1.00 0.97 
I-200×140×10×8-2 0.97 1.02 
I-200×140×12×8-2 0.96 0.93 
Mean   0.97 0.98 
COV   0.02 0.03 
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Figure 4.10: Typical FE failure mode for the 1/2 span configuration continuous beam 
arrangement 
 
 
 
Figure 4.11: Typical FE failure mode for the 1/3 span configuration continuous beam 
arrangement 
 
 
 
Figure 4.12: Experimental and numerical total load versus end rotation curves for 
Specimen I−200×140×10×8-1 
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Figure 4.13: Experimental and numerical total load versus end rotation curves for 
Specimen I−200×140×8×6-2 
 
 
4.4.3 Parametric studies 
 
Following the good overall agreement attained between the numerical and 
experimental results, a series of parametric studies were initiated to expand the 
available results over a wider range of cross-section slenderness. The experimental 
results, together with the parametric study results, are then used to assess the general 
structural behaviour of lean duplex stainless steel continuous beams and to investigate 
the applicability of the current codified design provisions. A total of 16 numerical 
models of both configurations 1 and 2 were generated with the basic geometry of the 
cross-sections including beam length, section height and flange width kept constant, 
while the thicknesses of both the flanges and the webs were altered to cover a range 
of cross-section slenderness c/tε of between 5 and 2  (see Table 4.4), where all 
symbols have been defined previously. The basic modelling assumptions were as 
described previously in Section 4.4.1. The material stress-strain curve adopted for the 
parametric studies was derived from the average of the experimental stress-strain 
curves of the four tested plate thicknesses reported in Chapter 3. The results obtained 
from the generated numerical models are presented in Table 4.4 and utilised in the 
following section.  
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Table 4.4: Dimensions and key results from the FE continuous beam parametric 
study 
Configuration Cross-section 
hw 
(mm) 
b 
(mm) 
tf 
(mm) 
tw 
(mm) 
a 
(mm) 
Fu 
(kN) 
Fh1 
(kN) 
Fcoll 
(kN) 
1/2 span 
I-200×140×4×2.4-1 200.00 140 4.00 2.40 6.00 321 310 347 
I-200×140×5×3-1 200.00 140 5.00 3.00 6.00 485 387 434 
I-200×140×6×3.6-1 200.00 140 6.00 3.60 6.00 643 465 522 
I-200×140×8×4.8-1 200.00 140 8.00 4.80 6.00 905 624 700 
I-200×140×9×5.4-1 200.00 140 9.00 5.40 6.00 1027 704 790 
I-200×140×12×7.2-1 200.00 140 12.00 7.20 6.00 1393 948 1063 
I-200×140×14×8.4-1 200.00 140 14.00 8.40 6.00 1625 1113 1249 
I-200×140×16×9.6-1 200.00 140 16.00 9.60 6.00 1856 1282 1438 
1/3 span 
I-200×140×4×2.4-2 200.00 140 4.00 2.40 6.00 281 313 434 
I-200×140×5×3-2 200.00 140 5.00 3.00 6.00 428 391 543 
I-200×140×6×3.6-2 200.00 140 6.00 3.60 6.00 596 470 653 
I-200×140×8×4.8-2 200.00 140 8.00 4.80 6.00 935 630 875 
I-200×140×9×5.4-2 200.00 140 9.00 5.40 6.00 1082 711 987 
I-200×140×12×7.2-2 200.00 140 12.00 7.20 6.00 1503 957 1329 
I-200×140×14×8.4-2 200.00 140 14.00 8.40 6.00 1761 1124 1562 
I-200×140×16×9.6-2 200.00 140 16.00 9.60 6.00 2009 1294 1798 
 
 
 
4.5 ANALYSIS OF TEST RESULTS AND DESIGN 
RECOMMENDATIONS 
 
4.5.1 Introduction 
 
The results obtained from the experimental and numerical investigations reported in 
the previous sections of this chapter are analysed and discussed herein. Three design 
methods: the EN 1993-1-4 (2006) method using both the current and proposed 
(Gardner and Theofanous, 2008) slenderness limits, the conventional plastic design 
method, and the continuous strength method (CSM) (Ashraf et al., 2008; Gardner et 
al., 2011), are outlined and assessed based on the available test data.  
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4.5.2 European codified design predictions 
 
The current European design code, EN 1993-1-4 (2006), differentiates between Class 
1 and Class 2 sections through the provision of separate slenderness limits but, with 
plastic design disallowed in the code, their treatment is in fact the same. Only elastic 
analysis is allowed for both determinate and indeterminate stainless steel structures, 
and plasticity may only be taken into account at the cross-sectional level of Class 2 or 
Class 1 sections. Furthermore, the actual resistance of both determinate and 
indeterminate stainless steel structures, particularly stocky cross-sections, is generally 
underestimated as the effect of material strain-hardening is not considered.  
 
A comparison between the test and predicted failure loads for the continuous beams 
based on EN 1993-1-4 (2006) and the proposed (Gardner and Theofanous, 2008) 
slenderness limits is presented in Table 4.5. For Class 1 and 2 sections, the plastic 
moment resistance is employed, while for Class 3 and 4 sections the elastic moment 
resistance is used, with Class 4 sections utilizing effective section properties. 
Furthermore, a similar comparison based on the cross-sections of the FE parametric 
studies is presented in Table 4.6. It can be observed that EN 1993-1-4 (2006) 
underestimates test failure capacity by an average of 40%, with a marginal 
improvement when the proposed (Gardner and Theofanous, 2008) slenderness limits 
are employed. This underestimation of capacity is due to the fact that EN 1993-1-4 
(2006) assumes that continuous beams fail when the most heavily stressed cross-
section reaches its codified resistance, with no allowance for moment redistribution or 
strain-hardening.  
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Table 4.5: Comparison of test and code predicted failure loads for continuous beams 
Configuration Cross-section 
EN 1993-1-4 
(2006) 
Proposed limits  
(Gardner and 
Theofanous, 2008) 
Class Fpred/Fu Class Fpred/Fu 
1/2 span 
I-200×140×6×6-1 4 0.53 4 0.58 
I-200×140×8×6-1 4 0.57 3 0.66 
I-200×140×10×8-1 1 0.69 1 0.69 
I-200×140×12×8-1 1 0.63 1 0.63 
1/3 span 
I-200×140×6×6-2 4 0.43 4 0.48 
I-200×140×8×6-2 4 0.50 3 0.58 
I-200×140×10×8-2 1 0.59 1 0.59 
I-200×140×12×8-2 1 0.58 1 0.58 
MEAN     0.57  
0.60 
COV     0.14  
0.11 
 
 
Table 4.6: Comparison of FE and code predicted failure loads for continuous beams 
Configuration Cross-section 
EN 1993-1-4 
(2006) 
Proposed limits 
(Gardner and Theofanous, 
2008) 
Class Fpred/Fu Class Fpred/Fu 
1/2 span 
I-200×140×4×2.4-1 4 0.67 4 0.72 
I-200×140×5×3-1 4 0.65 4 0.66 
I-200×140×6×3.6-1 4 0.52 4 0.60 
I-200×140×8×4.8-1 4 0.57 3 0.64 
I-200×140×9×5.4-1 3 0.63 3 0.63 
I-200×140×12×7.2-1 1 0.68 1 0.68 
I-200×140×14×8.4-1 1 0.69 1 0.69 
I-200×140×16×9.6-1 1 0.69 1 0.69 
1/3 span 
I-200×140×4×2.4-2 4 0.77 4 0.83 
I-200×140×5×3-2 4 0.75 4 0.75 
I-200×140×6×3.6-2 4 0.56 4 0.65 
I-200×140×8×4.8-2 4 0.56 3 0.62 
I-200×140×9×5.4-2 3 0.60 3 0.60 
I-200×140×12×7.2-2 1 0.64 1 0.64 
I-200×140×14×8.4-2 1 0.64 1 0.64 
I-200×140×16×9.6-2 1 0.64 1 0.64 
MEAN    
0.64 
 
0.67 
COV    
0.11 
 
0.09 
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4.5.3 Conventional plastic analysis 
 
As previously mentioned, plastic analysis and moment redistribution for 
indeterminate structures is not currently allowed for in EN 1993-1-4 (2006). This is a 
major drawback for the design of stainless steel structures, since moment 
redistribution in plastic design leads to better estimations of load-carrying capacity for 
stocky cross-sections. In this section, plastic design is used to predict the capacities of 
the continuous beams with Class 1 cross-sections, while the resistances of Class 2, 
Class 3 and Class 4 sections are calculated using the plastic moment capacity (but 
with no redistribution), the elastic moment capacity and effective moment capacity 
respectively. The obtained ultimate loads from the experimental Fu,test and numerical 
Fu,FE investigations have been normalized by the predicted collapse loads, Fpred 
(calculated according to conventional plastic analysis based on EN 1993-1-4 (2006)), 
and is plotted against the flange slenderness in Figure 4.14 where the current Class 1 
limit for welded outstand flanges in compression as codified in EN 1993-1-4 (2006) 
and that proposed by Gardner and Theofanous (2008) are also included. It may be 
observed from Figure 4.14 that the ultimate capacities of all the sections are generally 
higher than the predicted capacities. Furthermore, the comparison between predicted 
and test and FE results are shown in Tables 4.7 and 4.8, respectively. The proposed 
limits (Gardner and Theofanous, 2008) seem to offer better results compared to the 
codified results, however, not significant. An increase in capacity of between about 
3% and 8% is achieved for the Class 1 sections, while retaining safe side predictions. 
Plastic design therefore appears safely applicable to indeterminate stainless steel 
structures, provided sufficient material ductility exists. While this is clearly the case 
for the austenitic and duplex grades, further verification would be required for the less 
ductile (e.g. ferritic) grades.  
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Figure 4.14: Assessment of conventional plastic design 
 
 
Table 4.7: Comparison between test and predicted failure loads for continuous 
beams allowing for plastic design for Class 1 sections 
Configuration Cross-section 
EN 1993-1-4 
(2006) 
Proposed limits 
(Gardner and 
Theofanous, 2008) 
Class Fpred/Fu Class Fpred/Fu 
1/2 span 
I-200×140×6×6-1 4 0.53 4 0.58 
I-200×140×8×6-1 4 0.57 3 0.66 
I-200×140×10×8-1 1 0.78 1 0.78 
I-200×140×12×8-1 1 0.71 1 0.71 
1/3 span 
I-200×140×6×6-2 4 0.43 4 0.48 
I-200×140×8×6-2 4 0.50 3 0.58 
I-200×140×10×8-2 1 0.82 1 0.82 
I-200×140×12×8-2 1 0.81 1 0.81 
MEAN    
0.64 
 
0.68 
COV    
0.24 
 
0.18 
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Table 4.8: Comparison between test and FE failure loads for continuous beams 
allowing for plastic design for Class 1 sections 
Configuration Cross-section 
EN 1993-1-4 
(2006) 
Proposed limits 
(Gardner and Theofanous, 
2008) 
Class Fpred/Fu Class Fpred/Fu 
1/2 span 
I-200×140×4×2.4-1 4 0.67 4 0.72 
I-200×140×5×3-1 4 0.65 4 0.66 
I-200×140×6×3.6-1 4 0.52 4 0.60 
I-200×140×8×4.8-1 4 0.57 3 0.64 
I-200×140×9×5.4-1 3 0.63 3 0.63 
I-200×140×12×7.2-1 1 0.76 1 0.76 
I-200×140×14×8.4-1 1 0.77 1 0.77 
I-200×140×16×9.6-1 1 0.77 1 0.77 
1/3 span 
I-200×140×4×2.4-2 4 0.77 4 0.83 
I-200×140×5×3-2 4 0.75 4 0.75 
I-200×140×6×3.6-2 4 0.56 4 0.65 
I-200×140×8×4.8-2 4 0.56 3 0.62 
I-200×140×9×5.4-2 3 0.60 3 0.60 
I-200×140×12×7.2-2 1 0.88 1 0.88 
I-200×140×14×8.4-2 1 0.89 1 0.89 
I-200×140×16×9.6-2 1 0.89 1 0.89 
MEAN    
0.70 
 
0.73 
COV    
0.18 
 
0.14 
 
 
4.5.4 The continuous strength method (CSM) without moment 
redistribution 
 
The continuous strength method (CSM) is a recently developed deformation-based 
design method (Ashraf et al., 2008; Gardner et al., 2011). It replaces traditional cross-
section classification with a continuous non-dimensional measure of the deformation 
capacity of a cross-section, and employs a strain-hardening material model. This leads 
to more accurate ultimate capacity predictions for both simply supported and 
continuous beams. A detailed description of the continuous strength method is 
presented in Chapter 7. The capacities of the tested beams (with no redistribution) 
were found by CSM; the results obtained from the experiments and FE are presented 
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in Tables 4.9 and 4.10. In Chapter 3, it was clearly observed that the ultimate capacity 
of the simply supported beams is very well predicted by CSM (see Table 3.11). For 
the continuous beam tests, the CSM provides between 5% and 10% enhancement to 
EN 1993-1-4 (2006) and the conventional plastic analysis predictions, but is still not 
fully capable of estimating the continuous beams capacities. This is mainly due to the 
fact that the moment redistribution has not yet been accounted for in this section. It 
should be noted that for some cross-sections CSM was not applied since the element 
slenderness exceeds the specified limit of application of  ̅ p= 0.748.  
 
 
Table 4.9: Assessment of the CSM for the tested continuous beams 
Configuration Cross-section Fpred/Fu 
1/2 span 
I-200×140×6×6-1 - 
I-200×140×8×6-1 0.57 
I-200×140×10×8-1 0.74 
I-200×140×12×8-1 0.76 
1/3 span 
I-200×140×6×6-2 - 
I-200×140×8×6-2 0.50 
I-200×140×10×8-2 0.65 
I-200×140×12×8-2 0.69 
MEAN   0.65 
COV   0.16 
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Table 4.10: Assessment of the CSM for the FE continuous beams 
Configuration Cross-section Fpred/Fu 
1/2 span 
I-200×140×4×2.4-1 - 
I-200×140×5×3-1 - 
I-200×140×6×3.6-1 - 
I-200×140×8×4.8-1 0.57 
I-200×140×9×5.4-1 0.63 
I-200×140×12×7.2-1 0.78 
I-200×140×14×8.4-1 0.87 
I-200×140×16×9.6-1 0.90 
1/3 span 
I-200×140×4×2.4-2 - 
I-200×140×5×3-2 - 
I-200×140×6×3.6-2 - 
I-200×140×8×4.8-2 0.56 
I-200×140×9×5.4-2 0.60 
I-200×140×12×7.2-2 0.73 
I-200×140×14×8.4-2 0.81 
I-200×140×16×9.6-2 0.84 
MEAN   0.73 
COV   0.18 
 
 
4.5.5 The continuous strength method (CSM) with moment 
redistribution 
 
Ultimate capacity predictions of the tested welded I-sections were better estimated by 
both the conventional plastic method and the continuous strength method than the 
current EN1993-1-4 (2006) approach. This is due to the fact that the continuous 
strength method allows for material strain-hardening, and conventional plastic 
analysis allows for moment redistribution. When CSM without redistribution is 
applied, the failure of a structure is limited to the failure of a single cross-section. A 
hybrid approach, allowing for both strain-hardening and plastic redistribution, 
proposed by Gardner et al. (2011) is therefore considered. This method is similar to 
the conventional plastic analysis in terms of moment redistribution, but in addition to 
that, it allows for the exploitation of material strain-hardening at the location of the 
first plastic hinge, followed by partial strain-hardening at subsequent hinges. The 
method is still under development, but application to the continuous beams tested 
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herein resulted in a 13% average under prediction of capacity, with COV of 6%, 
representing an approximately 10% improvement in predictions over other methods. 
 
 
4.5.6 Other stainless steel grades and cross-sections 
 
The results of the experimental investigations carried out by Mirambell and Real 
(2000) and Theofanous and Gardner (2010) on continuous beams tests on various 
stainless steel cross-sections are utilised in this section to assess the above discussed 
design methods. Mirambell and Real (2000) performed six continuous two-span tests 
on austenitic stainless steel beams of three different cross-section types (SHS, RHS 
and H-sections), while, Theofanous and Gardner (2010) carried out ten continuous 
beam tests on SHS and RHS austenitic stainless steel beams. The codified design 
method, conventional plastic analysis and CSM with no redistribution has been 
applied to the results obtained from the Mirambell and Real (2000) and Theofanous 
and Gardner (2010) tests and are presented in Tables 4.11 and 4.12. The results 
obtained agree with the conclusions drawn in the previous sections of this chapter. 
The effect of material nonlinearity at both cross-section and system level has been 
observed to be very significant. This material nonlinearity is not currently covered by 
EN 1993-1-4 (2006), hence, the conservative results obtained. Better results are 
achieved when applying the conventional plastic analysis (i.e. moment redistribution) 
together with the proposed (Gardner and Theofanous, 2008) slenderness limits, while, 
the CSM with no redistribution provides marginal improvements to the latter design 
method. Further design improvements may be achieved if the currently under 
development hybrid CSM approach, outlined in Section 4.5.5, is applied to the 
available experimental and numerical data.  
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Table 4.11: Comparison of test data reported by Mirambell and Real (2000) and 
Theofanous and Gardner (2010) with design predictions based on EN 1993-1-4 
(2006) and CSM 
Reference Cross-section 
EN 1993-1-4 
(2006) 
Proposed limits 
CSM (Gardner and 
Theofanous, 2008) 
Class Fpred/Fu Class Fpred/Fu Fpred/Fu 
Mirambell 
and Real (2000) 
SHS 80×80×3 4 0.63 1 0.74 0.83 
SHS 80×80×3 4 0.68 1 0.80 0.89 
RHS 120×80×4 1 0.72 1 0.72 0.85 
RHS 120×80×4 1 0.72 1 0.72 0.85 
I 100×100×8 1 0.70 1 0.70 0.80 
I 100×100×8 1 0.70 1 0.70 0.80 
Theofanous 
and Gardner (2010) 
SHS 50×50×3-1 1 0.60 1 0.60 0.68 
SHS 50×50×3-2 1 0.49 1 0.49 0.56 
SHS 60×60×3-1 1 0.64 1 0.64 0.73 
SHS 60×60×3-2 1 0.67 1 0.67 0.77 
SHS 100×100×3-1 4 0.68 4 0.71 0.89 
SHS 100×100×3-2 4 0.68 4 0.72 0.90 
RHS 60×40×3-MA-1 1 0.56 1 0.56 0.64 
RHS 60×40×3-MA-2 1 0.56 1 0.56 0.64 
RHS 60×40×3-MI-1 3 0.52 1 0.61 0.67 
RHS 60×40×3-MI-2 3 0.43 1 0.51 0.56 
MEAN     0.62  
0.65 0.75 
COV     0.14  
0.14 0.15 
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Table 4.12: Comparison of test data reported by Mirambell and Real (2000) and 
Theofanous and Gardner (2010) with design predictions based on conventional 
plastic analysis 
Reference Cross-section 
Conventional 
plastic analysis 
based on 
Conventional plastic 
analysis based on 
EN 1993-1-4 
(2006) 
proposed limits (Gardner 
and Theofanous, 2008) 
Class Fpred/Fu Class Fpred/Fu 
Mirambell 
and Real (2000) 
SHS 80×80×3 4 0.63 1 0.83 
SHS 80×80×3 4 0.68 1 0.88 
RHS 120×80×4 1 0.81 1 0.81 
RHS 120×80×4 1 0.81 1 0.81 
I 100×100×8 1 0.79 1 0.79 
I 100×100×8 1 0.79 1 0.79 
Theofanous and 
Gardner (2010) 
SHS 50×50×3-1 1 0.68 1 0.68 
SHS 50×50×3-2 1 0.68 1 0.68 
SHS 60×60×3-1 1 0.72 1 0.72 
SHS 60×60×3-2 1 0.76 1 0.76 
SHS 100×100×3-1 4 0.68 4 0.71 
SHS 100×100×3-2 4 0.68 4 0.72 
RHS 60×40×3-MA-1 1 0.63 1 0.63 
RHS 60×40×3-MA-2 1 0.63 1 0.63 
RHS 60×40×3-MI-1 3 0.52 1 0.69 
RHS 60×40×3-MI-2 3 0.43 1 0.71 
MEAN     0.68  
0.74 
COV     0.15  
0.10 
 
 
4.6 CONCLUDING REMARKS 
 
An experimental programme consisting of eight two-span continuous beams tests and 
a series of numerically generated tests investigating the behaviour and design of 
indeterminate lean duplex stainless steel welded I-sections has been presented in this 
chapter. The obtained results have been used to evaluate the current provisions for 
stainless steel indeterminate structures in EN 1993-1-4 (2006), conventional plastic 
analysis, the continuous strength method (Ashraf et al., 2008; Gardner et al., 2011), 
and a hybrid approach (Gardner et al, 2011). The comparisons showed that the lack of 
allowance for inelastic reserves in EN 1993-1-4 (2006) leads to conservative results 
when estimating the capacity of the tested sections. The results obtained from both the 
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conventional plastic method and the continuous strength method (without 
redistribution) showed that moment redistribution and material strain-hardening at 
cross-sectional level (at the location of the plastic hinges) have a significant effect on 
the ultimate capacity predictions and should, therefore, be employed in design. 
Finally, initial results obtained from a hybrid approach for indeterminate structures 
(Gardner et al., 2011) yields the closest prediction of observed physical behaviour, 
however, this method is currently under development and further research is still 
required in order to verify the method.   
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CHAPTER 5 
 
PLATE GIRDERS 
 
5.1 INTRODUCTION 
 
Plate girders are widely used in the construction industry especially in bridge 
applications, as transfer beams and shear walls in buildings and in offshore structures, 
owing to their ability to withstand heavy loads over long spans. For material 
efficiency, plate girder webs are often of slender proportions, making them 
susceptible to a form of instability known as shear buckling. This type of failure has 
been extensively studied over the past few decades in carbon steel plate girders and a 
range of design methods have been established. A more limited number of studies has 
been devoted to stainless steel plate girders, and current design provisions are known 
to be conservative. 
 
Unlike in the case of carbon steel, the shear behaviour of stainless steel plate girders 
has only received relatively limited attention, and no previous experiments have been 
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conducted on plate girders fabricated from lean duplex material. Structural testing has 
been carried out on austenitic and duplex stainless steel plate girders by Olsson 
(2001), Real et al. (2007), and Estrada et al. (2007), while recent numerical studies 
have been undertaken by Hassanein (2011). Structural design rules for stainless steel 
plate girders are relatively scarce; the provisions of Eurocode 3: Part 1.4 (2006), and 
their applicability to lean duplex stainless steel are examined later in this chapter. 
First, structural performance data are generated through laboratory testing and 
numerical modelling, as described in Sections 5.2 and 5.3 of this chapter.  
 
 
5.2 EXPERIMENTAL PROGRAMME 
 
5.2.1 Material testing 
 
A series of tests on tensile and compressive coupons extracted from the plate material 
used to form the structural cross-sections was carried out in the Structures Laboratory 
of the Department of the Civil and Environmental Engineering at Imperial College 
London. The coupon tests were used to obtain the basic stress-strain properties and to 
analyze the nonlinear material behaviour of lean duplex stainless steel. A total of 
twenty-eight coupons of seven material thicknesses (4 mm, 6 mm, 8 mm, 10 mm, 12 
mm, 15 mm, and 20 mm) were tested in tension and compression. For each thickness, 
two tensile coupons and two compressive coupons were tested. Tests were performed 
on both longitudinal (i.e. parallel to the rolling direction) and transverse (i.e. 
perpendicular to the rolling direction) coupons, following the provisions of EN 
10002-1 (2001). The nominal dimensions of the necked tensile coupons were 340 × 
30 mm while the nominal dimensions of the compressive coupons were 72 × 16 mm. 
For the thicker coupons (15 mm and 20 mm) the tests were carried out in an 
INSTRON 600 kN machine, whereas for the remaining coupons the tests were carried 
out in an INSTRON 250 kN machine. The initial strain rate used for all of the 
material tests was 0.0003s-1, increasing after 1% strain to a strain rate of 0.008 s-1. The 
tensile coupons were marked with proportional gauge lengths to calculate their plastic 
strain at fracture εf after testing, based on elongation over the standard gauge length
cA65.5 , where Ac is the cross-sectional area of the coupon. Tensile strain was 
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measured by means of a digital extensometer. The compressive coupons were tested 
in a bracing jig to prevent buckling; strain gauges were attached to both sides of the 
tested coupons at mid-height. All test data, including load, displacement, strain and 
input voltage were recorded at one-second intervals using the data acquisition system 
DATASCAN. The obtained material data for each of the tensile and compressive test 
specimens, together with the mill certificate material properties provided by the 
manufacturer, are given in Tables 5.1 and 5.2, where E is Young’s modulus, σ0.2 is the 
0.2% proof stress, σ1.0 is the 1.0% proof stress, σu is the ultimate tensile stress, εf is the 
plastic strain at fracture based on elongation over the standard gauge length and n and 
n’0.2,1.0 are strain hardening exponents for the compound Ramberg-Osgood model 
(Mirambell et al., 2000; Rasmussen, 2003) as modified by Gardner and Ashraf 
(2006). The initial part of the tensile and compressive stress-strain curves for each of 
the tested thicknesses are presented in Figures 5.1-5.7, while the full stress-strain 
curves for each of the thicknesses are given in Appendix A.1.  
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Table 5.1: Measured material properties from tensile coupon tests, together with comparative transverse tension mill certificate values 
 
Tensile coupon tests 
EN 
10088-4 
Mill certificate values 
(transverse tension) 
Plate thickness Orientation to 
E σ0.2 σ1.0 σu εf 
Modified R-O 
coefficients 
σ0.2,nom σ0.2 σ1.0 σu 
(mm) rolling direction (N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) n n'0.2,1.0 (N/mm
2) (N/mm2) (N/mm2) (N/mm2) 
4.11 Longitudinal (L1) 191000 486 574 752 56 12.0 4.0 480 569 632 753 
4.14 Transverse (T1) 208000 540 592 759 55 8.7 3.4 480 569 632 753 
6.00 Longitudinal (L1) 207000 506 547 719 65 8.0 2.1 480 559 621 745 
6.22 Transverse (T1) 205000 549 580 720 55 12.0 1.9 480 559 621 745 
8.61 Longitudinal (L1) 203000 431 523 714 58 8.7 3.4 480 514 - 729 
8.38 Transverse (T1) 209000 518 572 766 47 12.0 2.5 480 514 - 729 
10.65 Longitudinal (L1) 204000 433 524 728 56 12.7 4.0 450 505 - 729 
10.62 Transverse (T1) 205000 509 553 747 45 10.0 1.8 450 505 - 729 
12.63 Longitudinal (L1) 218000 484 532 704 45 8.8 1.9 450 498 - 717 
12.55 Transverse (T1) 204000 495 545 714 50 11.0 2.2 450 498 - 717 
15.71 Longitudinal (L1) 205000 564 582 720 55 10.3 1.3 450 543 - 731 
15.78 Transverse (T1) 218000 556 606 746 39 9.4 2.5 450 543 - 731 
20.82 Longitudinal (L1) 214000 482 550 720 44 12.8 2.8 450 498 - 717 
20.86 Transverse (T1) 219500 461 545 - 54 - - 450 498 - 717 
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Table 5.2: Measured material properties from compressive coupon tests, together with comparative transverse tension mill certificate values 
 
Compressive coupon tests EN 10088-4 
Mill certificate values (transverse 
tension) 
Plate thickness  Orientation to  
E σ0.2 σ1.0 
Modified R-O 
coefficients 
σ0.2,nom σ0.2 σ1.0 
(mm) rolling direction (N/mm2) (N/mm2) (N/mm2) n n'0.2,1.0 (N/mm
2) (N/mm2) (N/mm2) 
4.08 Longitudinal (L1) 201000 494 580 6.9 2.0 480 569 632 
4.13 Transverse (T1) 213000 550 619 5.3 1.6 480 569 632 
6.02 Longitudinal (L1) 195000 488 562 6.3 2.0 480 559 632 
6.11 Transverse (T1) 212000 557 614 8.0 1.5 480 559 621 
8.51 Longitudinal (L1) - - - - - 480 514 621 
8.60 Transverse (T1) 207000 492 569 5.5 1.9 480 514 - 
10.65 Longitudinal (L1) 201000 461 539 6.0 1.9 450 505 - 
10.68 Transverse (T1) 201000 500 570 6.1 1.8 450 505 - 
12.57 Longitudinal (L1) 199000 447 521 5.3 1.7 450 498 - 
12.54 Transverse (T1) 209000 488 569 6.0 1.7 450 498 - 
15.78 Longitudinal (L1) 212000 488 573 6.2 1.6 450 543 - 
15.79 Transverse (T1) 205000 509 591 6.0 1.8 450 543 - 
20.92 Longitudinal (L1) - - - - - 450 498 - 
20.67 Transverse (T1) 202000 464 543 5.9 1.6 450 498 - 
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A comparison between the results obtained from the measured tensile and 
compressive material tests for the 0.2% and 1% proof stress shows that generally the 
results of the longitudinal coupons are lower than those of the transverse coupons. 
Furthermore, the measured 0.2% proof stress from the transverse coupons tests were 
found to be relatively similar to those stated in the mill certificates, whereas the 
longitudinal coupons were found to be generally lower. This is consistent with the 
fact that mill tests are performed in the transverse direction. Strain rates are also 
typically higher in mill tests than laboratory testing programmes. The mean measured 
values of the Ramberg-Osgood n and n’0.2,1.0 parameters for the tested plate material 
were 10.5 and 2.6 respectively with some variation depending on rolling (longitudinal 
or transverse) and loading (tension or compression) directions. The obtained values 
are close to those reported in Chapter 3 (n = 10.0 and n’0.2,1.0 = 2.0) following coupon 
tests on similar lean duplex stainless steel plate material used to form welded I-
sections.  The values reported by Theofanous and Gardner (2009, 2010) from tests on 
cold-formed lean duplex stainless steel hollow section material (n = 7.0 and n’0.2,1.0 = 
3.3), indicate a more rounded stress-strain response, which is typical of cold-formed 
material. 
 
 
Figure 5.1: Initial part of tensile and compressive stress-strain curves for 4 mm 
material (L= Longitudinal, T: Transverse) 
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Figure 5.2: Initial part of tensile and compressive stress-strain curves for 6 mm 
material (L= Longitudinal, T: Transverse) 
 
 
Figure 5.3: Initial part of tensile and compressive stress-strain curves for 8 mm 
material (L= Longitudinal, T: Transverse) 
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Figure 5.4: Initial part of tensile and compressive stress-strain curves for 10 mm 
material (L= Longitudinal, T= Transverse) 
 
 
 
Figure 5.5: Initial part of tensile and compressive stress-strain curves for 12 mm 
material (L= Longitudinal, T= Transverse) 
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Figure 5.6: Initial part of tensile and compressive stress-strain curves for 15 mm 
material (L= Longitudinal, T= Transverse) 
 
 
Figure 5.7: Initial part of tensile and compressive stress-strain curves for 20 mm 
material (L= Longitudinal, T= Transverse) 
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5.2.2 Plate girder tests 
 
The material examined in the previous section was used to fabricate nine lean duplex 
stainless steel plate girders. The fillet welds between the flanges and web were made 
using submerged arc welding with weld material 22 9 3 LN, designated according to 
EN 12072 (2000). The stiffeners were MIG welded using the same weld material. 
Prior to testing, the basic geometry of the plate girders was carefully measured. The 
key measurements can be found in Table 5.3 where, with reference to Figure 5.8, L is 
the specimen length, a is the web panel length, e is the distance between the end post 
and the internal stiffener over the support, b is the overall flange width, hw is the web 
depth, tf is the thickness of the flanges, tw is the thickness of the web, bs = (b – tw)/2 is 
the width of the stiffeners and ts is the thickness of the stiffeners. Local geometric 
imperfections were not analysed in detail but approximate sample measurements 
found imperfection amplitudes to be similar to those observed in lean duplex stainless 
steel welded I-sections tested previously in Chapter 3, which were fabricated in the 
same manner. 
 
 
   
Figure 5.8: Geometry of the tested plate girder
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Table 5.3: Measured dimensions of plate girders and key test results 
Plate girder 
L a e hw b tf tw ts bs a/hw wλ  
Vcr Vu,test Mu,test ctest Observed 
failure mode (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kNm) (mm) 
I-600×200×12×4-1 1360 600 80.0 598.8 200.1 12.4 4.1 20.9 98.0 1.0 1.99 180 562 337 202 Shear 
I-600×200×12×6-1 1360 600 80.0 599.9 199.8 12.3 6.2 20.6 96.8 1.0 1.32 626 888 888 193 Shear 
I-600×200×12×8-1 1360 600 80.0 600.3 200.1 12.5 8.2 20.6 96.0 1.0 0.94 1484 1326 1326 - Combined 
I-600×200×12×10-1 1360 600 80.0 599.2 200.1 12.4 10.2 20.6 94.9 1.0 0.75 2877 1838 1838 - Bending 
I-600×200×12×4-2 2560 1200 80.0 600.0 200.1 12.6 4.1 20.8 98.0 2.0 2.41 122 396 475 285 Shear 
I-600×200×12×6-2 2560 1200 80.0 600.9 200.0 12.3 6.0 20.8 97.0 2.0 1.61 425 682 818 315 Shear 
I-600×200×12×8-2 2560 1200 80.0 600.0 199.8 12.3 8.4 20.6 95.7 2.0 1.14 1007 976 1172 - Combined 
I-600×200×12×10-2 2560 1200 80.0 600.1 200.4 12.6 10.6 20.9 94.9 2.0 0.91 1953 1162 1395 - Bending 
I-600×200×15×15-2 2560 1200 80.0 599.0 200.1 15.3 15.0 20.6 92.5 2.0 0.65 6817 1801 2162 - Bending 
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A total of eighteen strain gauges were attached to each of the plate girders at critical 
points, and were used to monitor the development of the shear buckling phenomenon 
during the tests and to validate the numerical models. All sections had Class 4 webs in 
bending according to EN 1993-1-4 (2006), with the exception of Specimen I-
600×200×15×15-2, for which the web was Class 3. Rigid end post conditions, 
satisfying the requirements of EN 1993-1-5 (2006) for carbon steel plate girders, were 
achieved through the provision of a pair of transverse web stiffeners at each support. 
The tests were carried out to generate data in order to assess the applicability of the 
current design methods available for stainless steel plate girders to the lean duplex 
grades and to understand further the general behaviour of stainless steel plate girders 
failing in shear.  
 
Two sets of specimens were tested – the first set had four specimens with a web panel 
aspect ratio a/hw = 1.0, while the second set had five specimens with a web panel 
aspect ratio a/hw = 2.0. The plate girders with web panels of aspect ratio 1.0 were 
1360 mm in length, whereas those of aspect ratio 2.0 were 2560 mm in length. For 
each of the tested plate girders, instrumentation was provided in one panel only, while 
shear buckling was inhibited in the adjacent panel through the addition of wooden 
diagonal planks.  A total of eighteen strain gauges were attached to each of the plate 
girders at critical points to monitor the development of the shear buckling 
phenomenon during the tests. Ten triaxial (rosette) strain gauges were attached to the 
web panel – five on each side, to measure the membrane and bending components of 
strains in the web.  Three of the five triaxial strain gauges were placed along the 
central vertical axis of the web panel. These strain gauges were used to study the 
development of the shear stress state and the inclination of the tension band once 
shear buckling occurs. The other two triaxial strain gauges were located at the corner 
of the web panel to examine anchorage of the tension field. Eight uniaxial strain 
gauges were attached to the flanges and stiffeners; the strain gauges in the flanges 
were used to monitor the formation of plastic hinges. The locations of each of the 
above mentioned strain gauges are shown in Figure 5.9, in which g defines the 
positions of the strain gauges and c is the calculated distance from the stiffener to the 
plastic hinge location, determined according to EN 1993-1-4 (2006). Furthermore, for 
each of the tested plate girders, six Linear Variable Displacement Transducers 
(LVDTs) were employed to measure the vertical and horizontal displacements. Three 
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LVDTs were used to measure vertical displacements – one at mid-span and one at 
each of the two supports. The other three LVDTs were located horizontally along the 
mid-height of the web panel to measure the out-of-plane lateral displacements 
associated with the shear buckling.  Two string potentiometers were employed to 
measure the change in length of the two diagonals of the web panels, and hence to 
estimate the average shear strain. Finally, two inclinometers were placed at each end 
of the beam in order to determine the rotation at the support points. The general 
scheme of the LVDTs, string potentiometers and inclinometers can be found in Figure 
5.10.  
 
 
Figure 5.9: Location of strain gauges 
 
 
 
Figure 5.10: Schematic shear test setup and instrumentation 
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The tests were carried out in an ENERPAC 4000 kN machine controlled by a Walter 
+ Bai ag DIGICON 2000 digital controller. The tests were load-controlled at a rate of 
10 kN/sec, and by regulating the flow rate into the hydraulic jack, the unloading 
response could be captured. The load was applied through a bearing plate, which was 
200 mm wide (equal to the flange width), 100 mm in length and 50 mm thick. Loads, 
rotations, displacements and strains were all recorded at one-second intervals using 
the data acquisition system DATASCAN. The employed specimen designation 
system begins with the section type, followed by section depth × flange width × 
flange thickness × web thickness, and finally the web panel aspect ratio (1 or 2). 
 
The key experimental results from the plate girder tests are summarised in Table 5.3, 
where Vcr is the calculated elastic critical shear buckling load of the web, Vu,test and 
Mu,test are the shear force and bending moment, respectively, at failure from the 
experiments and ctest is the measured horizontal dimension from the support stiffener 
to the plastic hinge that formed in the flange at collapse. The observed failure modes, 
which are discussed further in Section 5.4.2, are also included in Table 5.3. The 
obtained load-displacement curves from the two series of tests – a/hw = 1.0 and a/hw = 
2.0 – are shown in Figures 5.11-5.14. Figures 5.11 and 5.12 show load versus mid-
span vertical deflection, while Figures 5.13 and 5.14 show load versus lateral 
deflection of the web. The results of the experiments are employed for the validation 
of the numerical models in Section 5.3 of this chapter and are analysed and discussed 
in Section 5.4, where typical failure modes are also shown. 
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Figure 5.11: Load-mid-span vertical displacement curves for plate girders of aspect 
ratio 1.0 
 
 
 
Figure 5.12: Load-mid-span vertical displacement curves for plate girders of aspect 
ratio 2.0 
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Figure 5.13: Load-lateral web displacement curves for plate girders of aspect ratio 
1.0 
 
 
 
Figure 5.14: Load-lateral web displacement curves for plate girders of aspect ratio 
2.0 
 
 
0
400
800
1200
1600
2000
2400
2800
3200
3600
4000
-4 0 4 8 12 16 20 24 28 32 36
L
oa
d 
(k
N
)
Lateral displacement of web (mm)
I-600×200×12×4-1
I-600×200×12×6-1
I-600×200×12×8-1
I-600×200×12×10-1
0
400
800
1200
1600
2000
2400
2800
3200
3600
4000
-4 0 4 8 12 16 20 24 28 32 36
L
oa
d 
(k
N
)
Lateral displacement of web (mm)
I-600×200×12×4-2
I-600×200×12×6-2
I-600×200×12×8-2
I-600×200×12×10-2
I-600×200×15×15-2
CHAPTER 5 – PLATE GIRDERS 
139 
 
5.3 NUMERICAL MODELLING 
 
5.3.1 Basic modelling assumptions 
 
The experiments described in the previous section were supplemented by a numerical 
study using the general-purpose finite element analysis package ABAQUS (2010). 
The FE simulations followed the guidelines regarding numerical modelling of 
stainless steel components presented in Chapter 2 and were similar to those reported 
in Chapter 3. The experiments were initially used to validate the FE models. 
Following the successful validation of the numerical models, parametric studies were 
carried out to assess the influence of key parameters on the structural response of lean 
duplex stainless steel plate girders. Furthermore, the parametric studies were used to 
expand the available structural performance data over a wider range of web 
slendernesses and to consider different end post conditions.  
 
The finite element type used for the numerical analyses was the four-noded doubly 
curved general-purpose shell element S4R with finite membrane strains. This 
element, as discussed in Chapter 2, has been shown to be suitable for the modelling of 
a range of shell thicknesses and has been successfully employed in the modelling of 
lean duplex stainless steel welded I-sections (Chapters 3 and 4) and other similar 
structural components (Theofanous and Gardner, 2009; Theofanous and Gardner, 
2010; Ellobody and Young, 2005; Lecce and Rasmussen, 2006).    
 
The FE models were initially developed based on the measured geometry of the tested 
plate girders. For all of the FE models reported in this chapter the stress-strain 
response of the lean duplex stainless steel was represented initially by means of the 
two-stage Ramberg-Osgood model described in Chapter 2. For incorporation into 
ABAQUS, the continuous curve was approximated with a multi-linear model defined 
in terms of true stress and log plastic strain. The relationship between true stress and 
engineering stress, σtrue and σnom, respectively, is given by Equation (2.3), while the 
relationship between log plastic strain and engineering strain, 
pl
ln  and εnom, 
respectively, is given by Equation (2.4). The material properties incorporated into the 
FE models were based on the average of the longitudinal and transverse coupon test 
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results, with tensile material properties applied to the lower halves of the models and 
compressive material properties applied to the upper halves.  
 
Boundary conditions were carefully incorporated into the FE models to replicate the 
experimental setup. The load was applied at the centre of the FE models through a 
bearing plate (similar to the experimental setup; see Section 5.2.2 and Figure 5.8). 
Vertical and lateral displacements were restrained at the supports, while longitudinal 
displacements and rotation about the horizontal axes were restrained at mid-span.  
 
Similar to Chapter 3, the modified Riks method (Hibbitt et al., 2010), was used in the 
nonlinear analyses.  The imperfection amplitude employed in this study was the one 
derived from the Dawson and Walker model (1972), as modified by Gardner and 
Nethercot (2004b), defined by Equation (3.3). This imperfection amplitude prediction 
model has been successfully employed for the modelling of lean duplex stainless steel 
welded I-sections in compression and bending (Chapters 3 and 4), and further similar 
applications (Theofanous and Gardner, 2009; Theofanous and Gardner, 2010; Ashraf 
et al., 2006). The imperfection amplitude ωD&W is given by Equation (3.3) and 
presented in Table 5.4. 
 
The study in Chapter 3 accounted for residual stresses in the modelling of the lean 
duplex stainless steel welded I-sections but found insignificant variation in structural 
behaviour when models with and without residual stresses were compared. It was 
therefore concluded that residual stresses need not be included in the models, and the 
same approach is taken herein. 
 
 
5.3.2 Validation of models 
 
The accuracy of the numerical models and their suitability for performing parametric 
studies was initially assessed by comparing the experimental results to those 
generated by the FE simulations. The comparisons were based on the general load-
displacement curves and failure modes, as well as other key values such as the 
ultimate shear force, denoted Vu,test and Vu,FE for the experimental and numerical 
results, respectively. Note that for the present loading configuration, maximum shear 
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force is simply equal to half the applied load. The ratio of the numerical to 
experimental ultimate shear forces (Vu,FE/Vu,test) is presented in Table 5.4. The 
ultimate shear force is generally very well predicted with the Dawson and Walker 
imperfection amplitude model, with a mean value of Vu,FE/Vu,test of 1.00 and a 
coefficient of variation (COV) of 0.03. The failure modes obtained from the 
numerical models showed good agreement with those obtained from the experiments. 
Typical FE failure modes for the plate girders of aspect ratios 1.0 and 2.0 are shown 
in Figures 5.15 and 5.16, respectively. The general shapes of the load-deflection 
curves from the FE models also closely matched those obtained from experiments.  A 
comparison between the experimental and numerical load-displacements curves for 
specimens I-600×200×12×8-1 and I-600×200×12×8-2 are depicted in Figures 5.17 
and 5.18, respectively.   
 
 
Table 5.4: Comparison between experimental and numerical results 
Plate girder 
ωD&W 
(mm) 
a/hw wλ  
Vu,test 
(kN) 
Vu,FE 
(kN) 
Vu,FE/Vu,test 
I-600×200×12×4-1 0.25 1.00 1.99 562 596 1.06 
I-600×200×12×6-1 0.16 1.00 1.32 888 893 1.01 
I-600×200×12×8-1 0.11 1.00 0.94 1326 1336 1.01 
I-600×200×12×10-1 0.088 1.00 0.75 1838 1753 0.95 
I-600×200×12×4-2 0.25 2.00 2.41 396 406 1.03 
I-600×200×12×6-2 0.16 2.00 1.61 682 700 1.03 
I-600×200×12×8-2 0.11 2.00 1.14 976 954 0.98 
I-600×200×12×10-2 0.088 2.00 0.91 1162 1152 0.99 
I-600×200×15×15-2 0.067 2.00 0.65 1801 1747 0.97 
Mean  
    
1.00 
COV  
    
0.03 
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Figure 5.15: Typical shear dominant FE failure mode for plate girders with a web 
panel aspect ratio of 1.0 
 
 
 
Figure 5.16: Typical shear dominant FE failure mode for plate girders with a web 
panel aspect ratio of 2.0 
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Figure 5.17: Experimental and numerical load-mid-span vertical displacement curve 
for the plate girder I−600×200×12×8-1 
 
 
 
Figure 5.18: Experimental and numerical load-mid-span vertical displacement curve 
for the plate girder I−600×200×12×8-2 
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The principal strains obtained from the rosette strain gauges at the centre and corner 
of the tested web panels were also compared with the values extracted from the 
corresponding locations in the FE models; close agreement was observed, as shown 
for specimen I-600×200×12×8-1 in Figures 5.19 and 5.20. In both cases, yielding of 
the tension field and the subsequent loss of anchorage may be seen to correspond to 
the attainment of the peak load. A further comparison between the experimental and 
numerical results is shown in Figure 5.21, where the inclination of the principal plane 
to the horizontal is shown for specimen I-600×200×12×4-1. The following 
progression of behaviour may be observed from both the test and FE results: At the 
early stage of loading, the web panel is in the state of pure shear (i.e. the principal 
plane is inclined at 45° to the horizontal); once the applied shear force exceeds the 
elastic shear buckling load, stresses along the tensile diagonal continue to increase 
while those along the compressive diagonal develop at a reduced rate, and hence the 
principal plane begins to rotate towards the horizontal; eventually the web panel 
yields under the combined stress field and an ultimate capacity is reached. 
 
 
 
Figure 5.19: Evolution of principal strains at centre of web panel for plate girder 
I−600×200×12×8-1− comparison between experimental and numerical results 
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Figure 5.20: Evolution of principal strains at corner of web panel for plate girder 
I−600×200×12×8-1− comparison between experimental and numerical results 
 
 
Figure 5.21: Inclination of principal plane to horizontal at centre of web panel for 
plate girder I−600×200×12×4-1− comparison between experimental and numerical 
results 
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5.3.3 Parametric studies 
 
Having achieved good overall agreement between the numerical and experimental 
results, a series of parametric studies were initiated to expand the available results 
over a wider range of plate girder web slendernesses and aspect ratios and to consider 
different end post conditions. The experimental results, together with the parametric 
study results, are then used to assess the general structural behaviour of lean duplex 
stainless steel plate girders and to investigate the applicability of the current codified 
design provisions. The generated models follow the basic assumptions stated in 
Section 5.3.1. The parametric studies covered three types of plate girders: (1) rigid 
end post plate girders of constant length, web height, flange width and flange 
thickness (similar to those employed in the experiments) but with varying web 
thickness to create a range of web slendernesses wλ between 0.6 and 5.0, (2) rigid end 
post plate girders similar to (1) but with modified geometries to examine stocky cross-
sections with web slendernesses ranging between 0.3 and 0.5, and (3) non-rigid end 
post plate girders with the same cross-sectional dimensions as employed in case (1). 
The material properties adopted in the FE parametric studies were based on the 
average of the experimental material stress-strain curves from the seven tested plate 
thicknesses, which were E = 206000 N/mm2, σ0.2 = 500 N/mm
2, σ1.0 = 580 N/mm
2, n 
= 10 and n’0.2,1.0 = 2.3.  
 
 
5.4 ANALYSIS OF RESULTS 
 
5.4.1 Introduction 
 
In this section, the results from the laboratory tests and the numerical analyses are 
examined and used to assess the applicability of the shear resistance design model 
given in Eurocode 3: Part 1.4 (2006) to lean duplex stainless steel. Comparisons of 
the structural performance of lean duplex stainless steel plate girders with that of the 
more common austenitic and ferritic stainless steel grades are also made. Note that all 
comparisons have been carried out using the measured geometry and material 
properties, and with all partial factors set to unity. 
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5.4.2 Failure modes 
 
Three different failure modes were identified from the experiments: (1) a shear 
dominant failure featuring shear buckling of the plate girder web, (2) a bending 
dominant failure featuring local buckling of the plate girder compression flange and 
(3) a combined bending plus shear failure, involving an interaction of failure modes 
(1) and (2). These three observed failure modes are discussed below.  
 
 
5.4.2.1 Shear dominant failure 
 
A shear dominant mode of failure was observed in test specimens I-600×200×12×4-1, 
I-600×200×12×6-1, I-600×200×12×4-2 and I-600×200×12×6-2 and many of the 
numerically generated results. A typical example of this mode of failure, obtained 
from plate girder I-600×200×12×4-1, is shown in Figure 5.22. The moment-shear 
interaction diagram for this specimen, determined according to EN 1993-1-4 (2006), 
is shown in Figure 5.23, where V is the applied shear force, Vb,Rd is the shear buckling 
resistance of the cross-section including the flange contribution, Vbw,Rd is the shear 
buckling resistance of the web only, M is the applied moment, Mc,Rd is the cross-
section bending resistance, Mf,Rd is the bending resistance of the flanges alone and for 
Class 4 cross-sections, Meff,Rd is the bending resistance of the effective section. The 
location of the experimental data point (i.e. a high value of V/Vb,Rd and a low value of 
M/Mc,Rd) clearly indicates that a shear dominant mode of failure would be anticipated.  
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Figure 5.22: Typical shear dominant failure mode showing shear buckling of the web 
for plate girder I−600×200×12×4-1 
 
 
 
Figure 5.23: Moment-shear interaction diagram from EN 1993-1-4 (2006) for plate 
girder I−600×200×12×4-1 exhibiting a shear dominant failure mode 
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5.4.2.2 Bending dominant failure 
 
The second failure mode observed in the experimental and numerical analyses was a 
bending dominant mode involving local buckling of the compression flange. This 
mode of failure was observed in test specimens I-600×200×12×10-1, I-
600×200×12×10-2 and I-600×200×15×15-2 and a number of the numerically 
generated results. A typical example, obtained for specimen I-600×200×12×10-2, is 
presented in Figure 5.24. The moment-shear interaction diagram from EN 1993-1-4 
(2006) for this plate girder (see Figure 5.25) reveals a high value of M/Mc,Rd and 
lower value of V/Vb,Rd, and hence anticipates a bending dominant failure. 
 
 
  
Figure 5.24: Typical bending dominant failure mode showing local flange buckling 
for plate girder I−600×200×12×10-2 
 
 
CHAPTER 5 – PLATE GIRDERS 
150 
 
 
Figure 5.25: Moment-shear interaction diagram from EN 1993-1-4 (2006) for plate 
girder I−600×200×12×10-2 exhibiting a bending dominant failure mode 
 
 
5.4.2.3 Combined bending plus shear failure 
 
An intermediate failure mode involving an interaction of shear and bending and a 
combination of the features described in Sections 5.4.2.1 and 5.4.2.2 was observed in 
test specimens I-600×200×12×8-1 and I-600×200×12×8-2 and some of the numerical 
models. This mode of failure is shown in Figure 5.26 for plate girder I-
600×200×12×8-1 where both flange and web deformation may be observed. The 
moment-shear interaction diagram from EN 1993-1-4 (2006) for this specimen is 
given in Figure 5.27 where the shear and moment utilisations indicate that a combined 
shear plus bending failure mode would be expected.   
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Figure 5.26: Typical combined shear plus bending failure mode for plate girder 
I−600×200×12×8-1 
 
 
 
Figure 5.27: Moment-shear interaction diagram from EN 1993-1-4 (2006) for plate 
girder I−600×200×12×8-1 exhibiting a combined shear-bending failure mode 
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plate girders are discussed in Chapter 6 of this thesis. In this section, a brief summary 
of the Eurocode 3: Part 1.4 shear design guidance for stainless steel is presented. The 
design approach adopted in the European pre-Standard ENV 1993-1-4 (1996) for 
determining the shear resistance of stainless steel plate girders was based on the 
simple post critical method of ENV 1993-1-1 (1992) which was developed by Dubas 
(1980) based on Höglund’s (1971, 197 )  rotated stress field theory ignoring any 
flange contribution. The development of the shear buckling provisions given in ENV 
1993-1-4 (1996) considered the only experiments featuring shear buckling of  
stainless steel sections that were available at the time, which were those of Carvalho 
et al. (1990).  
 
The simple post critical method was later found by Olsson (2001) to be rather 
conservative, and following an experimental and numerical study of a series of 
stainless steel plate girders, an improved design approach was proposed. Olsson’s 
(2001) proposal was based on Höglund’s (1971, 197 )  rotated stress field method 
taking into consideration both the web and the flange contributions to the resistance to 
shear buckling, but ignoring the effect of the end post; this approach  was adopted in 
the final version of EN 1993-1-4 (2006). The ultimate shear buckling resistance Vb,Rd 
of stainless steel plate girders according to EN 1993-1-4 (2006) is expressed similarly 
to that of carbon steel plate girders in EN 1993-1-5 (2006), as given by Equation 
(5.1), but with modified web and flange contributions, Vbw,Rd and Vbf,Rd, respectively. 
 
M1
wwyw
Rdbf,Rdbw,Rdb,
γ3
thηf
VVV                  (5.1) 
 
where η is equal to 1.2, fyw is the yield strength of the web, hw is the depth of the web, 
tw is the thickness of the web and γM1 is the shear partial factor. The web contribution 
is given by: 
 
M1
wwyww
Rdbw,
γ3
thfχ
V                    (5.2) 
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in which  χw is the reduction factor for web buckling, and the flange contribution is 
given by: 
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with the distance c given by Equation (5.4): 
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where bf is the flange width, tf is the flange thickness, fyf is the yield strength of the 
flange, MEd is the design bending moment, Mf,Rd is the design plastic moment of 
resistance of a cross-section consisting of the flanges only and a is the shear panel 
length. 
 
 
5.4.4 Comparison of test and numerical shear capacities with EN 
1993-1-4 for plate girders with rigid end posts 
 
A comparison between the ultimate capacity achieved by the test specimens, all of 
which had rigid end posts, and the predicted capacity according to EN 1993-1-4 
(2006), assuming proportional loading (i.e. the ratio of shear force to bending moment 
remains constant), is presented in Table 5.5. In the EN 1993-1-4 (2006) calculation, 
due allowance for the reduced flange contribution to the shear resistance owing to the 
coexistent bending moment has been made in accordance with Equation (5.3). The 
comparisons show that the test results consistently lie above the codified predictions, 
with a mean ratio of test to EN 1993-1-4 capacity of 1.38 and a coefficient of 
variation (COV) of 0.07. A similar trend may be seen when the parametric FE results 
for the plate girders with rigid end posts are compared to the codified predictions in 
Table 5.6, with a mean ratio of test to EN 1993-1-4 capacity of 1.35 and a COV of 
0.15.   
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Table 5.5: Comparisons of experimental results with EN 1993-1-4 predictions 
Plate girder a/hw wλ  
Vu,test 
(kN) 
VEN 1993-1-4 
(kN) 
Vu,test/VEN 1993-1-4 
I-600×200×12×4-1 1.00 1.99 562 386 1.46 
I-600×200×12×6-1 1.00 1.32 888 693 1.28 
I-600×200×12×8-1 1.00 0.94 1326 999 1.33 
I-600×200×12×10-1 1.00 0.75 1838 1274 1.44 
I-600×200×12×4-2 2.00 2.41 396 297 1.33 
I-600×200×12×6-2 2.00 1.61 682 546 1.25 
I-600×200×12×8-2 2.00 1.14 976 652 1.50 
I-600×200×12×10-2 2.00 0.91 1162 699 1.66 
I-600×200×15×15-2 2.00 0.65 1801 1489 1.21 
Mean 
    
1.38 
COV 
    
0.07 
 
 
Table 5.6: Comparisons of parametric FE results on plate girders with rigid end 
posts with the EN 1993-1-4 predictions 
Plate girder a/hw wλ  
Vu,FE 
(kN) 
VEN 1993-1-4 
(kN) 
Vu,FE/VEN1993-1-4 
I-700×200×60×30-0.86 0.86 0.26 8050 6655 1.21 
I-700×200×60×25-0.86 0.86 0.31 7050 5944 1.19 
I-700×200×60×20-0.86 0.86 0.38 5900 4963 1.19 
I-600×200×15×12-1 1.00 0.63 2056 1917 1.07 
I-600×200×15×10-1 1.00 0.75 1708 1473 1.16 
I-600×200×12×3-1 1.00 2.65 443 270 1.64 
I-600×200×12×2-1 1.00 3.98 303 171 1.77 
I-600×200×15×6-2 2.00 1.61 731 583 1.25 
I-600×200×15×4-2 2.00 2.41 428 323 1.33 
I-600×200×15×3-2 2.00 3.22 307 222 1.38 
I-600×200×15×2-2 2.00 4.83 204 136 1.50 
I-600×200×12×3-2 2.00 3.22 281 202 1.39 
I-600×200×12×2-2 2.00 4.83 179 123 1.46 
Mean 
    
1.35 
COV 
    
0.15 
 
 
For specimens exhibiting a shear dominant failure mode, defined as those where the 
ratio of shear force to bending moment in the test Vu,test/Mu,test > Vbw,Rd/Mf,Rd (see 
Figure 5.28), a comparison between the test and FE results is also plotted with the EN 
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1993-1-4 (2006) design model in Figure 5.29. This comparison is presented in terms 
of shear buckling reduction factor χw versus web slenderness wλ . In locating the test 
and FE data points, the flange contribution calculated according to Equation (5.3), has 
been deducted from the test ultimate shear resistance, and the result has been 
normalised by the yield capacity of the web in shear. The high normalised shear 
capacities (beyond yield and indeed beyond 1.2 times yield) obtained at low 
slendernesses are attributed to strain hardening.  
 
 
 
Figure 5.28: Moment-shear interaction diagrams and definition of cases 1 (shear 
dominant failure as Vu,test/ Mu,test >Vbw,Rd/ Mf,Rd) and 2 
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Figure 5.29: Comparison of experimental and numerical results for lean duplex 
stainless steel plate girders with rigid and non-rigid end posts and the EN 1993-1-4 
(2006) shear design model 
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COV of 0.05 was found. An increase in shear resistance up to 18% may be observed 
when rigid end posts are employed. As observed by Estrada et al. (2007), the 
differences are greatest for higher web slendernesses and lower web panel aspect 
ratios. 
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Table 5.7: Comparisons of parametric FE results on plate girders with non-rigid end 
posts with the EN 1993-1-4 predictions 
Plate girder a/hw wλ  
Vu,FE 
(kN) 
VEN 1993-1-4 
(kN) 
Vu,FE/VEN1993-1-4 
I-600×200×15×12-1 1.00 0.63 2074 1917 1.08 
I-600×200×15×10-1 1.00 0.75 1734 1473 1.18 
I-600×200×12×10-1 1.00 0.75 1823 1344 1.36 
I-600×200×12×8-1 1.00 0.94 1323 999 1.32 
I-600×200×12×6-1 1.00 1.32 830 693 1.20 
I-600×200×12×4-1 1.00 1.99 519 387 1.34 
I-600×200×12×3-1 1.00 2.65 375 270 1.39 
I-600×200×12×2-1 1.00 3.98 267 171 1.56 
I-600×200×15×6-2 2.00 1.61 714 583 1.22 
I-600×200×15×4-2 2.00 2.41 411 323 1.27 
I-600×200×15×3-2 2.00 3.22 290 222 1.31 
I-600×200×15×2-2 2.00 4.83 194 129 1.51 
I-600×200×15×15-2 2.00 0.65 1747 1489 1.17 
I-600×200×12×10-2 2.00 0.91 1151 883 1.30 
I-600×200×12×8-2 2.00 1.14 950 725 1.31 
I-600×200×12×6-2 2.00 1.61 688 559 1.23 
I-600×200×12×4-2 2.00 2.41 390 298 1.31 
I-600×200×12×3-2 2.00 3.22 268 202 1.33 
I-600×200×12×2-2 2.00 4.83 170 123 1.39 
Mean 
    
1.30 
COV 
    
0.09 
 
 
Table 5.8: Comparison between FE results for rigid and non-rigid end post plate 
girders 
Plate girder a/hw wλ  
Vu,FE,rigid 
(kN) 
Vu,FE,non-rigid 
(kN) 
Vu,FE,rigid/Vu,FE,non-rigid 
I-600×200×12×2-1 1.00 3.98 303 267 1.14 
I-600×200×12×3-1 1.00 2.65 443 375 1.18 
I-600×200×12×4-1 1.00 1.99 596 519 1.15 
I-600×200×12×6-1 1.00 1.32 893 830 1.08 
I-600×200×12×8-1 1.00 0.94 1336 1323 1.01 
I-600×200×12×2-2 2.00 4.83 179 170 1.05 
I-600×200×12×3-2 2.00 3.22 281 268 1.05 
I-600×200×12×4-2 2.00 2.41 406 390 1.04 
I-600×200×12×6-2 2.00 1.61 700 688 1.02 
I-600×200×12×8-2 2.00 1.14 954 950 1.00 
I-600×200×12×10-2 2.00 0.91 1152 1151 1.00 
I-600×200×15×15-2 2.00 0.65 1747 1747 1.00 
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Table 5.8 (continued): Comparison between FE results for rigid and non-rigid end 
post plate girders 
Plate girder a/hw wλ  
Vu,FE,rigid 
(kN) 
Vu,FE,non-rigid 
(kN) 
Vu,FE,rigid/Vu,FE,non-rigid 
I-600×200×15×12-1 1.00 0.63 2056 2074 0.99 
I-600×200×15×10-1 1.00 0.75 1708 1734 0.99 
I-600×200×15×6-2 2.00 1.61 731 714 1.02 
I-600×200×15×4-2 2.00 2.41 428 411 1.04 
I-600×200×15×3-2 2.00 3.22 307 290 1.06 
I-600×200×15×2-2 2.00 4.83 204 194 1.05 
Mean 
    
1.05 
COV 
    
0.05 
 
 
5.4.6 Comparison with other stainless steel grades 
 
The results obtained from the tests carried out in the present study on lean duplex 
stainless plate girders are compared to existing test results from Olsson (2001), Real 
et al. (2007) and Estrada et al. (2007) on austenitic and duplex stainless steel plate 
girders in Figure 5.30. Upon examination of the results, the following conclusions can 
be drawn: firstly, for similar values of slenderness the results from the lean duplex 
plate girders exhibit similar normalized performance to equivalent plate girders of 
other stainless steel grades; secondly, the collected test data show that the Eurocode 3: 
Part 1.4 (2006) shear resistance design model can be safely applied to all stainless 
steel grades, but improved efficiency could be achieved by re-examining the design 
model and differentiating between rigid and non-rigid end posts. 
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Figure 5.30: Comparison of shear buckling resistance for tested plate girders of 
various stainless steel grades 
 
 
5.5 CONCLUDING REMARKS 
 
An experimental study into the structural performance of lean duplex stainless steel 
plate girders has been reported in this chapter. The results of the experimental 
investigation were supplemented by means of a parallel numerical study. The 
numerical models were initially validated against the experimental results and 
subsequently used to conduct parametric studies to investigate a wider range of plate 
girder geometries.  Based on the results from both the experiments and the FE 
simulations, the obtained modes of failure were discussed and the shear design 
provisions of EN 1993-1-4 were assessed. Three different modes of failure were 
observed: a shear dominant failure, a bending dominant failure and a combined 
bending plus shear failure. It was found that the current Eurocode 3: Part 1.4 design 
equations are safely applicable to lean duplex stainless steel, but improved efficiency 
could be achieved through a revised design model and making distinction between 
plate girders with rigid and non-rigid end posts. Comparisons of the results obtained 
herein with others collected from the literature showed that this conclusion was also 
applicable to other stainless steel grades.  
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CHAPTER 6 
 
SHEAR DESIGN RECOMMENDATIONS  
 
6.1 INTRODUCTION 
 
Following the study conducted in Chapter 5 on the shear response of lean duplex 
stainless steel plate girders, the need to revise the codified design provisions of EN 
1993-1-4 (2006) was highlighted. Hence, the aims of this chapter are to study the 
shear response of stainless steel plate girders of various grades, to collate and examine 
available structural performance data, to review existing design methods and to 
develop and statistically verify revised design expressions suitable for inclusion in 
international design codes. A total of thirty four experiments carried out on stainless 
steel plate girders of the austenitic, duplex and lean duplex grades, with web panel 
aspect ratios varying between 1.0 and 4.0 and with rigid and non-rigid end posts, were 
first collected and used to evaluate the shear resistance design equations of EN 1993-
1-4 (2006). Next, a comparative analysis of other design methods including EN 1993-
1-5 (2006) and the proposed design expressions of Estrada et al. (2007a) has been 
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performed. Finally, based on the available experimental data, together with supporting 
numerical data, revised design expressions for the calculation of the ultimate shear 
capacity of stainless steel plate girders are proposed and a reliability analysis in 
accordance with EN 1990 (2002) was carried out to confirm their applicability.  
 
 
6.2 LITERATURE REVIEW 
 
6.2.1 Introduction 
 
In this section, laboratory test data on stainless steel plate girders and existing design methods 
and proposals for assessing the shear buckling resistance of plate girders are presented and 
briefly reviewed. The design methods discussed are the tension field method and the rotated 
stress field method.  
 
 
6.2.2  Overview of previous experimental studies 
 
The first experimental investigation of stainless steel plate girders was carried out by 
Carvalho et al. (1990). The results of this study served as the basis for the first codified 
proposals for determining the ultimate shear resistance of stainless steel beams in ENV 1993-
1-4 (1996).  Following the introduction of ENV 1993-1-4 (1996), a series of experimental 
studies were carried out by Olsson (2001), Real et al. (2007) and Estrada et al. (2007b), which 
highlighted deficiencies in the existing design methods. The main objectives of these 
investigations were to develop a better understanding of the behaviour of stainless steel plate 
girders under shear and to propose design expressions capable of predicting accurately the 
shear resistance of stainless steel plate girders. Most recently, a detailed experimental and 
numerical study of lean duplex stainless steel plate girders was conducted (Chapter 5, Saliba 
and Gardner, 2013a), bringing the total pool of laboratory test data to 34. The findings of 
these studies are discussed in Section 6.4 of this chapter, while the experimental data are used 
to verify a revised design treatment. 
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6.2.3 Overview of theoretical models for predicting shear buckling 
resistance 
 
The first attempt to estimate the shear resistance of slender plate girders was made by 
Basler et al. (1960, 1961). According to Basler, once shear buckling had occurred in a 
plate girder web, a theoretical tension field would extend over the whole depth of the 
web and the shear resistance could be expressed as the sum of the buckling and 
postbuckling resistances of the web but with no flange contribution. Although there 
were limitations to the Basler theory (Calladine, 1973; Porter et al., 1975), the basic 
tension field concept was able to represent observed physical behaviour and was 
further developed by Rockey et al. (Rockey et al., 1978; Rockey and Skaloud, 1972).  
A drawback to the tension field approach lies in its inability to predict accurately the 
shear buckling resistance of plate girders with widely spread transverse web 
stiffeners. A solution, termed the rotated stress field method (Olsson, 2001), was 
proposed by Höglund (1971, 1973). This method was able to represent the 
postbuckling shear strength of both stiffened and unstiffened webs.  
 
The rotated stress field method assumes that, prior to buckling, the web is in a state of 
pure shear stress and the principal planes are inclined at an angle φ = 45  to the 
horizontal. However, once buckling has occurred, it is assumed that the principal 
compressive stress, remains equal to the shear buckling stress τcr, and that further 
increases in load are resisted by an increase in the tensile stress. This causes the major 
principal plane to rotate towards the horizontal, and the ultimate resistance is said to 
be reached when the von Mises yield criterion (Olsson, 2001) is met. A detailed 
description of the rotated stress field theory can be found in (Höglund, 1998).  
 
 
6.3 CURRENT AND PROPOSED DESIGN METHODS 
 
6.3.1 Introduction 
 
In this section, the design methods for assessing the shear buckling resistance of plate 
girders in Eurocode 3 are reviewed, including the evolution from the ENV 
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prestandard to final EN standard. The provisions for both carbon steel and stainless 
steel, as well as proposed changes to the latter, are considered. 
 
 
6.3.2 Carbon steel design provisions 
 
6.3.2.1 ENV 1993-1-1 (1992) 
 
Two methods were provided in ENV 1993-1-1 (1992) for determining the design 
shear resistance of carbon steel plate girders: (1) the simple post critical method and 
(2) the tension field method. The first design method was developed by Dubas (1980) 
based on the rotated stress field theory, and applied to plate girders with and without 
transverse stiffeners. The design shear resistance ignored any flange contribution, and 
was later found by Höglund (1998) and Davies and Griffith (1999), to be unduly 
conservative. The second method, the tension field method, was found to be only 
appropriate for transversely stiffened webs with web panel aspect ratios ranging 
between 1.0 and 3.0 (Roca et al., 1996). Furthermore, numerical studies by Presta et 
al. (2008) showed that the forces in the transverse stiffeners implied by the tension 
field method were inaccurate. Limitations in both methods given in ENV 1993-1-1 
(1992), lead to revised design rules being provided upon conversion to the EN 
standards, at which point the design provisions for shear buckling were also moved to 
Part 1.5 of the code.  
 
 
6.3.2.2 EN 1993-1-5 (2006) 
 
The rotated stress field method developed by Höglund (1971, 1973) forms the basis of 
the shear design rules given in EN 1993-1-5 (2006). In the EN 1993-1-5 (2006) 
provisions, ultimate shear resistance Vb,Rd is expressed as the sum of the web shear 
buckling resistance Vbw,Rd (Equation (6.2)) and the flange contribution (Equation 
(6.3)) Vbf,Rd, as set out in Equation  (6.1). 
 
M1
wwyw
Rdbf,Rdbw,Rdb,
γ3
thηf
VVV                  (6.1) 
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where fyw is the yield strength of the web, fyf is the yield strength of the flanges, η is a 
parameter that approximates the influence of strain hardening, hw is the depth of the 
web, tw is the thickness of the web, bf is overall the flange width, tf is the flange 
thickness, and γM1 is a partial safety factor. 
 
The web contribution Vbw,Rd is given by  
 
M1
wwyww
Rdbw,
γ3
thfχ
V                    (6.2) 
 
where χw is the web shear buckling reduction. The flange contribution Vbf,Rd is given 
by: 
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in which MEd is the coexistent design bending moment, Mf,Rd is the moment resistance 
of the cross-section considering only the flanges and the distance c which defines the 
location of the plastic hinges that form in the flanges is given by: 
 
a
fht
ft1.6b
0.25c
yw
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ww
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

                  (6.4) 
 
where a is the spacing of the transverse stiffeners.  
 
 
6.3.3 Stainless steel design provisions 
 
6.3.3.1 ENV 1993-1-4 (1996) 
 
At the time of the development of ENV 1993-1-4 (1996), the only experimental 
research into the shear resistance of stainless steel members was that carried out by 
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Carvalho et al. (1990). Carvalho et al. (1990) performed a series of three point 
bending tests on cold-formed austenitic and ferritic stainless steel sections. The 
obtained results were used in the formulation of the design provisions of ENV 1993-
1-4 (1996), which were based on the simple post critical method of ENV 1993-1-1 
(1992), but with modifications to reflect the material nonlinearity of stainless steel. 
Subsequent experimental studies on stainless steel plate girders (Estrada et al., 2007a; 
Olsson, 2001; Real et al., 2007; Estrada et al., 2007b) showed that the ENV 1993-1-4 
(1996) provisions were conservative, raised questions of the quality of the earlier test 
data (Carvalho et al., 1990) and emphasized the need to consider the flange 
contribution to the shear buckling capacity. 
 
 
6.3.3.2 EN 1993-1-4 (2006) 
 
Following the adoption of the simple post critical method in ENV 1993-1-4 (1996), 
Olsson (2001) performed an experimental and analytical study to underpin the 
development of improved new design expressions for stainless steel plate girders. 
Olsson’s design equations were based on the rotated stress field method, took into 
consideration both the web and flange contributions to the shear resistance, and were 
of the same basic form as EN 1993-1-5 (2006), given by Equations (6.1-6.3) of the 
present chapter. Deviation from the EN 1993-1-5 (2006) provisions appeared in the 
expressions for the shear buckling reduction factor χw and in the definition of the 
distance c. In Olsson’s (2001) proposal χw = η for w ≤ 0.6/η and χw = 0.11 + 0.64/ w
− 0.05/
2
w for w > 0.6/η, with η = 1.2, and c is defined by Equation (6.5). 
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Olsson’s method was included in the second edition of the SCI/Euro Inox Design 
Manual for Structural Stainless Steel (SCI/Euro Inox, 2002) and was later 
incorporated into the final version of EN 1993-1-4 (2006).  
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6.3.3.3 Estrada et al.’s proposal (2007) 
 
Olsson’s design expressions offered clear benefits over those given in ENV 199 -1-4 
(1996). However, the improved rules still did not distinguish between rigid and non-
rigid end posts. Hence, further research was carried out by Estrada et al. (2007a, 
2007b) where the influence of end post rigidity was evaluated over a wide range of 
web panel aspect ratios and slendernesses. Based on their findings, revised design 
expressions were proposed.  
 
The proposed expressions were again based on the rotated stress field method and the 
total shear buckling resistance comprised a web and flange contribution, as set out in 
Equations (6.1), (6.2) and (6.3). The flange contribution was the same as that 
proposed by Olsson, while the web contribution was revised. As explained by Estrada 
et al. (2007a), different design expressions were given for web panel aspect ratios less 
than and greater than unity. For the former case, end post rigidity was taken into 
account, providing more accurate prediction of test behaviour. 
 
 
6.4 ANALYSIS OF STRUCTURAL PERFORMANCE DATA ON 
STAINLESS STEEL PLATE GIRDERS 
 
6.4.1 Introduction 
 
In order to evaluate the provisions outlined in Section 6.3 for the design of stainless 
steel plate girders, the results from previously conducted laboratory tests on stainless 
steel plate girders were collected and analysed. In this section, the available test data 
are compared to the shear design rules of EN 1993-1-4 (2006), EN 1993-1-5 (2006) 
and those proposed by Estrada et al. (2007a).  
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6.4.2 Collected experimental data on stainless steel plate girders 
 
 
A total of 34 experiments on stainless steel plate girders have been conducted – see 
Table 6.1. Of these, 21 (labelled NR1 to NR21) had non-rigid end posts and 13 
(labelled R1 to R13) had rigid end posts. The tested web panel aspect ratio a/hw 
ranged between 1.00 and 3.25, while the non-dimensional web slenderness ranged 
between 0.44 and 3.34. The collected experimental data is summarised in Table 6.1, 
where L is the specimen length, a is the shear panel length, b is the overall flange 
width, hw is the web depth, tf is the thickness of the flange, tw is the thickness of the 
web, ts1 and ts2 are the thicknesses of the stiffeners, σ0.2,w and σ0.2,f are the 0.2% proof 
stresses of the web and flanges, a/hw is the aspect ratio of the web panel, wλ  is the 
non-dimensional web slenderness and Vu,test is the ultimate shear capacity from the 
experiments. The definitions of those symbols are also illustrated in Figure 6.1.  
 
 
Figure 6.1: Geometry of the tested plate girders 
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Table 6.1: Collected experimental data on stainless steel plate girders 
 
End-post Reference Label Grade 
σ0.2,w 
(N/mm2) 
σ0.2,f 
(N/mm2) 
L 
(mm) 
a 
(mm) 
hw 
(mm) 
b 
(mm) 
tf 
(mm) 
tw 
(mm) 
ts1 
(mm) 
ts2 
(mm) 
a/hw w  Vu,test (kN) 
Non-
rigid 
Olsson (2001) 
NR1 
1.4301 
297 285 1049 449 146 200 12 4 12 - 3.08 0.44 179 
NR2 297 285 2100 901 297 199 12 4 12 - 3.03 0.92 190 
NR3 297 285 2998 1200 597 200 12 4 12 - 2.01 1.80 226 
NR4 297 285 3997 1600 793 201 12 4 12 - 2.02 2.40 242 
NR5 
1.4462 
573 525 1051 450 148 200 13 4 13 - 3.04 0.61 269 
NR6 573 525 2100 900 298 200 13 4 13 - 3.02 1.28 295 
NR7 573 525 2996 1200 597 203 13 4 13 - 2.01 2.50 366 
NR8 573 525 3997 1600 795 202 13 4 13 - 2.01 3.34 388 
Real et al. (2007) 
NR9 
1.4301 
323 267 1000 500 500 200 20 8 20 - 1.00 0.67 804 
NR10 323 267 1000 500 500 200 20 6 20 - 1.00 0.93 531 
NR11 301 267 1000 500 500 200 20 4 20 - 1.00 1.28 353 
NR12 323 267 1500 750 500 200 20 8 20 - 1.50 0.77 756 
NR13 323 267 1500 750 500 200 20 6 20 - 1.50 1.07 484 
NR14 301 267 1500 750 500 200 20 4 20 - 1.50 1.46 284 
NR15 323 267 2000 1000 500 200 20 8 20 - 2.00 0.82 714 
NR16 323 267 2000 1000 500 200 20 6 20 - 2.00 1.13 467 
NR17 301 267 2000 1000 500 200 20 4 20 - 2.00 1.55 243 
Estrada et al. 
(2007) 
NR18 301 267 2360 1050 700 200 20 4 20 - 1.50 2.09 309 
NR19 301 267 2660 1200 600 200 20 4 20 - 2.00 1.90 261 
NR20 301 267 2760 1250 500 200 20 4 20 - 2.50 1.63 228 
NR21 301 267 2860 1300 400 200 20 4 20 - 3.25 1.33 218 
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Table 6.1 (continued): Collected experimental data on stainless steel plate girders 
End-post Reference Label Grade 
σ0.2,w 
(N/mm2) 
σ0.2,f 
(N/mm2) 
L 
(mm) 
a 
(mm) 
hw 
(mm) 
b 
(mm) 
tf 
(mm) 
tw 
(mm) 
ts1 
(mm) 
ts2 
(mm) 
a/hw w  Vu,test (kN) 
Rigid 
 
Estrada et al. 
(2007) 
  
R1 
1.4301 
 
301 267 2360 1050 700 200 20 4 20 20 1.50 2.09 327 
R2 301 267 2660 1200 600 200 20 4 20 20 2.00 1.9 263 
R3 301 267 2760 1250 500 200 20 4 20 20 2.50 1.63 237 
R4 301 267 2860 1300 400 200 20 4 20 20 3.25 1.33 215 
  R5 
1.4162 
513 490 1360 600 600 200 12 4 20 20 1.00 1.99 562 
  R6 528 490 1360 600 600 200 12 6 20 20 1.00 1.32 888 
  R7 475 490 1360 600 600 200 12 8 20 20 1.00 0.94 1326 
 Saliba and R8 471 490 1360 600 600 200 12 10 20 20 1.00 0.75 1838 
 Gardner  
(2013a) 
R9 513 490 2560 1200 600 200 12 4 20 20 2.00 2.41 396 
  R10 528 490 2560 1200 600 200 12 6 20 20 2.00 1.61 682 
  R11 475 490 2560 1200 600 200 12 8 20 20 2.00 1.14 976 
  R12 471 490 2560 1200 600 200 12 10 20 20 2.00 0.91 1162 
  R13 560 560 2560 1200 600 200 15 15 20 20 2.00 0.65 1801 
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6.4.3 Analyses of results 
 
6.4.3.1 General 
 
In analysing the test results, two cases were considered – case 1: plate girders exhibiting a 
shear dominant failure defined as those where the ratio of shear force to bending moment in 
the test Vu,test/Mu,test > Vbw,Rd/Mf,Rd and case 2: plate girders exhibiting a bending dominant 
failure or a combined bending plus shear failure (i.e. Vu,test/Mu,test ≤ Vbw,Rd/Mf,Rd). These two 
cases are illustrated in Figure 5.28. Test results in case 1 only were used to assess the shear 
buckling resistance design expressions, while all data (cases 1 and 2) were used to investigate 
the provisions for moment-shear interaction. The collected test data are plotted in Figure 6.3, 
together with the  normalised moment-shear interaction diagram, calculated according to EN 
1993-1-4 (2006). Three interaction curves are shown in Figure 6.2. All have the same form, 
but since the precise shape of the curves varies with Vbw,Rd/Vbf,Rd and Mf,Rd/Mc,Rd, and since 
these ratios are different for each test specimen, clearly there is no single curve against which 
to compare. The three curves shown are for the average, minimum and maximum values of 
the two ratios. Note that, in all comparisons shown, the measured geometric and material 
properties from the test specimens are used, and all partial safety factors are set equal to 
unity.  Furthermore, in the following sections of this chapter, case 1 and 2 plate girders were 
identified by studying the moment-shear interaction diagram for each cross-section 
separately.  
 
 
 
 
CHAPTER 6 – SHEAR DESIGN RECOMMENDATIONS 
172 
 
 
 
Figure 6.2: Test data and normalised moment-shear interaction diagram according to EN 
1993-1-4 (2006) 
 
 
6.4.3.2 Comparison of existing test data with EN 1993-1-4 (2006) 
 
The results collected from the experiments carried out on stainless steel plate girders were 
used to evaluate the current shear design provisions of EN 1993-1-4 (2006). The test results 
of the plate girders exhibiting a shear dominant failure (i.e. case 1 only) are plotted with the 
EN 1993-1-4 design model in Figure 6.3, in terms of shear buckling reduction factor χw 
versus web slenderness wλ . A distinction has been made between the tested plate girders 
with rigid and non-rigid end posts, though EN 1993-1-4 (2006) makes no such distinction.  In 
locating the test data points, the flange contribution calculated according to Equation (6.5), 
has been deducted from the test ultimate shear resistance, and the result has been normalised 
by the yield capacity of the web in shear. The high normalised shear capacities (beyond yield 
and indeed beyond 1.2 times yield) obtained at low slendernesses are attributed to strain 
hardening.  
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For assessing the design provisions for moment-shear interaction, all test data (i.e. cases 1 
and 2) were considered. Assuming proportional loading (i.e. the ratio of shear force to 
bending moment remains constant), the ratio by which each test data point exceeded or fell 
short of its respective design interaction curve was denoted U. A value of U greater than 
unity indicates a safe result whereby the test data point lies outside the interaction curve. The 
results are shown in Table 6.2 and illustrated in Figure 6.4. The comparisons show that the 
test results consistently lie above the codified predictions, with a mean ratio of UEN 1993-1-4 of 
1.22 and a coefficient of variation (COV) of 0.11.  
 
 
 
wλ  
Figure 6.3: Comparison between experimental results of case 1 only and the shear resistance 
function of EN 1993-1-4 (2006) 
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wλ  
Figure 6.4: Utilization ratio (test/design resistance) as obtained from EN 1993-1-4 (2006) 
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Table 6.2: Utilization ratios (test/design resistance) for plate girders as obtained from EN 
1993-1-4 (2006), EN 1993-1-5 (2006), Estrada et al. (2007) and proposed design methods 
 
Reference Label UEN1993-1-4 UEN1993-1-5 UEstrada UProposed 
Olsson (2001) 
NR1 1.29 1.31 1.29 1.29 
NR2 1.17 0.99 1.13 1.10 
NR3 1.11 1.11 1.00 1.04 
NR4 1.12 1.20 0.96 1.03 
NR5 1.09 1.00 1.09 1.03 
NR6 1.14 1.02 1.06 1.08 
NR7 1.11 1.20 0.96 1.02 
NR8 1.10 1.31 0.91 0.99 
Real et al. 
(2007) 
NR9 1.02 0.86 1.04 0.96 
NR10 1.03 0.89 0.96 0.98 
NR11 1.19 1.06 1.05 1.13 
NR12 1.15 0.96 1.12 1.08 
NR13 1.12 0.99 1.07 1.06 
NR14 1.17 1.07 1.09 1.11 
NR15 1.22 1.11 1.21 1.18 
NR16 1.20 1.07 1.13 1.13 
NR17 1.12 1.04 1.02 1.05 
Estrada et al. 
(2007) 
NR18 1.20 1.23 1.07 1.12 
NR19 1.16 1.14 1.04 1.09 
NR20 1.13 1.07 1.03 1.07 
NR21 1.22 1.09 1.13 1.15 
Estrada et al. 
(2007) 
R1 1.27 1.11 1.13 1.06 
R2 1.17 1.00 1.05 0.97 
R3 1.18 0.99 1.07 0.98 
R4 1.21 1.02 1.12 1.02 
 
R5 1.45 1.29 1.04 1.21 
 
R6 1.28 1.12 1.04 1.08 
 
R7 1.33 1.14 1.21 1.15 
Saliba and R8 1.44 1.36 1.43 1.39 
Gardner (2013a) R9 1.33 1.16 1.15 1.07 
 
R10 1.25 1.08 1.13 1.10 
 
R11 1.50 1.46 1.48 1.46 
 
R12 1.66 1.66 1.66 1.66 
 
R13 1.21 1.22 1.21 1.21 
Mean 
 
1.22 1.13 1.12 1.12 
COV 
 
0.11 0.14 0.14 0.13 
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6.4.3.3 Comparison of existing test data with EN 1993-1-5 (2006) 
 
The European design standard for carbon steel plate girders EN 1993-1-5 (2006) provides 
shear design expressions of the same form as EN 1993-1-4 (2006), but with alternative 
coefficients to reflect the differences in material response. Unlike EN 1993-1-4, EN 1993-1-5 
differentiates between rigid and non-rigid end post plate girders for web slenderness values 
wλ  > 1.08. 
 
As in Section 6.4.3.2, the test results that fall into case 1 are used to compare with the 
codified shear buckling resistance predictions (see Figure 6.5), while results for both cases 1 
and 2 are used to assess the moment-shear interaction (see Table 6.2). The comparisons show 
that the predictions of EN 1993-1-5 (2006) are noticeably higher than those of EN 1993-1-4 
(2006) and provide better agreement with the test results, with mean utilisation ratio UEN 1993-
1-5 of 1.13 and a coefficient of variation (COV) of 0.14.  
 
 
 
wλ  
Figure 6.5: Comparison between experimental results of case 1 only and the shear resistance 
function of EN 1993-1-5 (2006) 
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6.4.3.4 Comparison with Estrada et al. (2007a) proposed design equations 
 
Similar comparisons to those described in Sections 6.4.3.2 and 6.4.3.3 are made in the present 
section with the proposals of Estrada et al. (2007a). Unlike EN 1993-1-4 (2006), Estrada et 
al.’s (2007a) design expressions differentiate between rigid and non-rigid end post plate 
girders when the web panel aspect ratio is less than unity, while for higher aspect ratios, 
revised design expressions are also provided. 
 
Test results for case 1 only are compared with the Estrada et al. (2007a) proposals for shear 
buckling resistance in Figure 6.6, while the utilisation ratio for all test results, considering 
combined bending and shear are shown in Table 6.2. The comparisons show that Estrada et 
al.’s predictions are higher than those of EN 199 -1-4 (2006) and provide better agreement 
with the test results, with a mean utilisation ratio UEstrada of 1.12 and a coefficient of variation 
(COV) of 0.14.  
 
 
 
wλ  
Figure 6.6: Comparison between experimental results of case 1 only and the shear resistance 
function of Estrada et al. 
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6.4.4 Discussion 
 
Collected test data on stainless steel plate girders have been compared to the design 
provisions of EN 1993-1-4 (2006), EN 1993-1-5 (2006) and the proposed equations of 
Estrada et al. (2007a). In general, it is observed that the results obtained from the estimations 
of EN 1993-1-4 (2006) are conservative and better results can be obtained from EN 1993-1-5 
(2006) and the Estrada et al. (2007a) design expressions. Further improvements to the 
provisions, considering the recently available test and numerical data (2013), are proposed in 
the following section.  
 
 
6.5 DESIGN PROPOSALS 
 
6.5.1 Introduction 
 
The comparisons of the previous section show that the current provisions of EN 1993-1-4 
(2006) are conservative and better predictions of the test response are achieved with the 
proposed design equations of Estrada et al. (2007a) or those of EN 1993-1-5 (2006).  In this 
section, further improvements are sought and new design expressions for the calculation of 
the ultimate shear capacity of stainless steel plate girders are proposed. Statistical analyses, in 
accordance with EN 1990 (2002), are also carried out to assess the reliability of the 
proposals. 
 
 
6.5.2 Proposed design method 
 
Based on the collected test data reported herein and the numerically generated plate girders 
from Saliba and Gardner (2013a), new design expressions are proposed to predict the 
ultimate shear capacity of stainless steel plate girders. The proposed expressions follow the 
same approach of EN 1993-1-4 (2006) and EN 1993-1-5 (2006) in which the ultimate shear 
capacity of a stainless steel plate girder, Vb,Rd, consists of a web contribution Vbw,Rd and a 
flange contribution Vbf,Rd, as given by Equation (6.1). 
 
The flange contribution Vbf,Rd in the proposed approach is taken to be the same as that 
currently given in EN 1993-1-4 (2006) – see Equation (6.3). The basis for this is that the 
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expression (Equation (6.5)) for the controlling parameter, c, which defines the location of the 
plastic hinges in the ultimate shear collapse mechanism, has been confirmed to provide an 
accurate representation of recently generated test data (Estrada et al., 2007a; Estrada et al., 
2007b; Saliba and Gardner, 2013a), as well as Olsson’s test data (2001) upon which the 
expression was originally derived. The web contribution to shear resistance Vbw,Rd, given by 
Equation (6.2), is controlled by the shear buckling reduction factor χw. Here, the proposed 
design expressions differ from previous provisions. The proposed expressions are developed 
on the following basis: (1) a larger body of test data (totalling 34 experiments) is considered 
than has previously been available, (2) a distinction is made between rigid and non-rigid end 
posts over the full spectrum of web panel aspect ratios and (3) a reliability analysis in 
accordance with EN 1990 (2002) is conducted.  
 
The proposed shear buckling reduction factors χw are presented in Table 6.3. The maximum 
value of χw adopted in the proposed design equations is the same as that of EN 1993-1-4 
(2006), at a value of 1.2. This approximates the extra capacity beyond yield as a result of 
strain hardening.  
 
The results collected from the experiments on stainless steel plate girders were used to assess 
the proposed equations. The utilisation ratios UProposed (considering cases 1 and 2) are shown 
in Table 6.2 and Figure 6.7 with a mean value of 1.12 and a coefficient of variation (COV) of 
0.13. Note that the EN 1993-1-5 (2006) moment-shear interaction expressions is retained.  In 
general, the utilization ratios for the proposed equations are significantly lower than those of 
EN 1993-1-4 (2006), indicating better estimations of the ultimate shear resistance of the 
tested plate girders. The results of the case 1 plate girders are also plotted with the proposed 
design model in Figure 6.8 where a better agreement with the test data can be observed.  
Further statistical analysis is performed in the following section to verify the reliability of the 
proposed design expressions.  
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Table 6.3: Proposed design expressions for the calculation of the web contribution to the 
shear resistance 
 
 χw for rigid end post χw for non-rigid end post 
 ̅ w ≤ 0.56 1.2 1.2 
 ̅ w > 0.56 
2
ww /12.0/79.017.0   
2
ww /01.0/60.016.0   
 
 
 
wλ  
Figure 6.7: Utilization ratio (test/design resistance) as obtained from the proposed equations 
of this chapter 
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wλ  
Figure 6.8: Comparison between experimental results of case 1 only and the shear resistance 
functions of EN 1993-1-4 (2006) and the proposed approach 
 
 
6.5.3 Reliability analysis 
 
The aim of the statistical analysis carried out in this section is to verify whether the developed 
design equations for the calculation of the shear resistance of stainless steel plate girders 
satisfy the Eurocode reliability requirements. The analysis followed the standard statistical 
evaluation set out in Annex D of EN 1990 (2002) and was applied to the collected test data 
reported herein and the numerically generated results from Chapter 5. The analysis focused 
on shear buckling resistance and therefore considered the case 1 results only.  
 
A key assumption of the standard evaluation procedure is that the resistance expression is a 
function of independent variables. The dominant component of the shear buckling resistance 
(i.e. the web shear buckling function resistance) Vbw,Rd, which generally appears in the form 
of Equation (6.2) may alternatively be expressed as  
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where τyw is equal to fyw/√  and Aw = hw tw are the two independent variables and X is a 
constant, which does not depend on the other two parameters. The powers a and b vary for 
different slenderness and should be determined for each test specimen. The power a is 
calculated by assuming two plate girders of the same geometrical properties but with 
different material strengths τyw,1 and τyw,2. The ratio of the resistances of the two considered 
plate girders is given by Equation (6.7): 
  
a
yw,1
yw,2
b
w
a
yw,1
b
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Therefore, the power a may be calculated as follows: 
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and the power b may be subsequently obtained from: 
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by considering two plate girders of different web areas Aw,1 and Aw,2.  
 
The relationship between the two powers a and b and the non-dimensional web slenderness 
 ̅ w is plotted in Figure 6.9. The values of the parameters are calculated based on the proposed 
equations in Section 6.5.2. At low slenderness ( wλ ≤ 0.56), χw equals 1.2 and Vbw,Rd = 
1.2τywAw/γM1,  with a = b = 1, while at high slendernesses, where the resistance is governed 
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by buckling and post-buckling tension field action, the values of a and b alter in response to 
the varying influence of τyw and Aw. 
 
In order to properly allow for the influence of the basic variables τyw and Aw at different 
values of web slenderness in the reliability analysis, the variability of τyw and Aw needs to be 
modified. The coefficient of variation of the basic variables, Vrt, for a resistance function that 
is not simply linearly dependent on the basic variables may be obtained according to 
Equation (D.16b) from Annex D of EN 1990 (2002) and presented as follows: 
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where VAR[grt(X)] and grt(Xm) are the variance and the mean, respectively, of the resistance 
function grt(X), στyw and σAw are the standard deviations of the yield strength and web area, 
respectively, τyw,m and Aw,m are the mean values of the shear yield strength and web area, 
respectively and Vτyw and VAw are the coefficients of variation of the shear yield strength and 
web area, respectively. This modification was incorporated into Step 7 of the statistical 
analysis set out in Annex D of EN 1990 (2002).  
 
A statistical evaluation based on the above described modified approach was then performed 
for the collected test and numerical data. Certain statistical parameters were assumed based 
on previous studies of the mechanical and geometrical properties of structural sections. The 
ratio of mean to nominal yield strengths (i.e. the material over-strength) was taken as 1.33 for 
austenitic stainless steels and as 1.2 for duplex stainless steels and the coefficients of 
CHAPTER 6 – SHEAR DESIGN RECOMMENDATIONS 
184 
 
variation of yield strength Vτyw and geometric properties VAw were taken as 0.066 and 0.025 
for austenitic stainless steel and 0.04 and 0.025 for duplex stainless steel, respectively (Groth 
and Johansson, 1990; Leffler, 1990). These values originate from industrial data obtained 
from European steel producers. 
 
The results of the analyses and a summary of the key statistical parameters are presented in 
Table 6.4. The following symbols are used: kd,n = design (ultimate limit state) fractile factor 
for n tests, where n is the population of test data under consideration, b = average ratio of 
experimental to model resistance based on a least squares fit to the test data; Vδ = coefficient 
of variation of the tests relative to the resistance model; and Vr = combined coefficient of 
variation incorporating both model and basic variable uncertainties. Note that in accordance 
with EN 1990 (2002), the fractile factor for the full collection of data on stainless steel plate 
girders has been used in the statistical analysis. Considering the resistance function for 
austenitic stainless steel plate girders, the partial factor γM1 was found to be 1.04 for the test 
data only and for the resistance function of lean duplex stainless steel plate girders, the partial 
factor γM1 was found to be 1.06 for the test data plus FE results of Chapter 5. The obtained 
values of γM1 for both austenitic and duplex/lean duplex stainless steel are less than 1.1, 
which is the recommended partial factor for stainless steel shear buckling in EN 1993-1-4 
(2006). It is therefore recommended that the proposed equations for the calculation of the 
web shear resistance in Section 6.5.2 can be safely applied to stainless steel plate girders, 
with γM1 = 1.1. 
 
 
Table 6.4: Results of statistical analysis of test data for proposed web shear resistance 
equations  
Data set 
No. of 
tests 
Fractile 
factor 
Rtest/Rproposed 
Model 
scatter 
Resistance 
scatter γM1 
n kd,n b Vδ Vr 
Austenitic tests 
only 
20 3.32 1.05 0.060 0.084 1.04 
Lean duplex tests 
+ FE (Chapter 5) 
25 3.32 1.11 0.081 0.093 1.06 
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wλ  
Figure 6.9: The powers a and b for rigid and non-rigid end posts versus web slenderness wλ  
 
 
6.6 CONCLUDING REMARKS 
 
The behaviour of stainless steel plate girders, with an emphasis on the calculation of ultimate 
shear capacity was studied in this chapter. A review of existing design methods and codified 
provisions was first presented. A total of thirty four experiments carried out on stainless steel 
plate girders of the austenitic, duplex and lean duplex grades were collected and used to 
assess the current shear design expressions of EN 1993-1-4, EN 1993-1-5 and those proposed 
by Estrada et al. (2007a). It was found that the current EN 1993-1-4 shear design expressions 
are conservative and better results can be achieved by using the proposed design expressions 
of Estrada et al. and EN 1993-1-5. However, further improvements were possible and, on the 
basis of the available structural performance data revised design equations for the calculation 
of the ultimate shear capacity of stainless steel plate girders have been proposed. The 
proposed design expressions were developed in a form similar to those of EN 1993-1-4 and 
EN 1993-1-5 to retain compatibility with current provisions. Revised expressions for the 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
0 0.5 1 1.5 2 2.5 3 3.5 4
V
al
ue
s 
of
 p
ow
er
s 
a 
an
d 
b
a rigid
b rigid
a non-rigid
b non-rigid
CHAPTER 6 – SHEAR DESIGN RECOMMENDATIONS 
186 
 
shear buckling reduction factor χw for stainless steel plate girders that account for end post 
rigidity over the full range of web panel aspect ratios were proposed. The proposals were 
subjected to a statistical analysis in accordance with EN 1990, where the reliability of the 
design recommendations has been verified. 
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CHAPTER 7 
 
THE CONTINUOUS STRENGTH METHOD 
FOR DETERMINING SHEAR RESISTANCE 
 
7.1 INTRODUCTION 
 
The current codified approach for the calculation of the compression, bending and shear 
resistances of stainless steel cross-sections has been observed throughout this thesis and other 
published studies to be conservative in the cases of elements of low slenderness. This may be 
attributed to; (1) the assignment of cross-sections to discrete behavioural classes (as 
previously discussed in Chapter 3) and (2) assuming the maximum attainable stress is the 
0.2% proof stress σ0.2 (i.e. elastic, perfectly plastic approximation to the material stress-stain 
curve and ignoring strain-hardening). With initial cost and hence design efficiency being of 
paramount importance in the selection of stainless steel for main structural components, the 
application of non-conventional design methods, exploiting the true material behaviour, such 
as the continuous strength method (CSM), is necessary.  
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Following the successful application of the continuous strength method to stainless steel 
cross-sections in compression and bending, this chapter presents the first attempt to develop 
further the CSM for the calculation of the shear resistance of stocky stainless steel plate 
girders. A review of the key components of the CSM is first presented, followed by a 
description of the development of the CSM for shear. The test and numerical data generated 
in Chapters 5 and 6 have been utilized to find the preliminary shear base curve and 
subsequently the CSM shear design equations. The effect of applying the CSM to estimate 
the total shear resistance (i.e. web + flange contributions) and bending resistance of a plate 
girder has been evaluated by considering two scenarios; (1) the web contribution to shear 
resistance calculated according to the codified equations or those proposed in Chapter 6 but 
the flange contribution calculated according to the CSM (i.e. Vb,Rd = Vbw,Rd + Vbf,csm,Rd) and 
bending resistance calculated according to the CSM (i.e. Mcsm,Rd), where Vbf,csm,Rd is 
calculated according to Equations (7.1) and (7.2) and (2) both web and flange contributions to 
the shear resistance  found according to the CSM (i.e. Vb,csm,Rd = Vbw,csm,Rd + Vbf,csm,Rd) and 
bending resistance also calculated according to the CSM (i.e. Mcsm,Rd).  
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in which the moment resistance of the flanges alone is defined as: 
 
  fwcsmffRdcsm,f, thtbM                              (7.2) 
 
where σcsm is defined in the Section 7.2.2 
 
 
7.2 OVERVIEW OF THE CONTINUOUS STRENGTH METHOD  
 
7.2.1 Brief description 
 
The continuous strength method (Gardner, 2008) is a recently developed method which offers 
an alternative approach to calculating the resistance of stainless steel cross-sections. Contrary 
to the traditional codified approach which assumes elastic, perfectly plastic material 
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behaviour, the CSM allows for better exploitation of the material characteristics by 
accounting for strain hardening and the nonlinear stress-strain behaviour exhibited by metals 
such as stainless steel and aluminium. The CSM considers local buckling to be the only 
physical limit to the exploitation of the material’s strain hardening. In the case of stainless 
steel where a clearly defined yield point does not exist, it is conservative to assume that the 
maximum attainable stress by a cross-section is limited by σ0.2. Therefore, it is rational to 
consider that the maximum attainable failure stress of stainless steel is a continuous function 
of material properties, geometry of the cross-section and an imposed stress gradient, rather 
than a material specific stress. This continuous function is defined in terms of the cross-
section slenderness parameter  ̅ p.  
 
The CSM deviates from the traditional cross-section classification concept by adopting a 
continuous relationship between cross-sectional slenderness and deformation capacity. The 
deformation capacity of the cross-section is estimated by an experimentally derived design 
curve (i.e. a continuous ‘base curve’) linking the strain at which local buckling occurs εcsm to 
the cross-section slenderness (Gardner, 2008). This deformation capacity is then used to find 
the maximum attainable stress corresponding to the local buckling strain.  
 
A detailed description of the initial development of the CSM and its successful application to 
stainless steel, aluminium alloy, high strength steel and carbon steel is presented by Gardner 
and Nethercot (2004b), Gardner (2008), Gardner and Ashraf (2006), Ashraf et al. (2008) and 
Ashraf and Young (2011), while recent developments and improvements to the method are 
presented in Gardner et al. (2011).  
 
 
7.2.2 Cross-section resistance 
 
The first steps followed by Gardner et al. (2011) in developing the CSM design equations 
were to define the cross-section slenderness and the deformation capacity of the cross-
section. The CSM defines the cross-section slenderness through Equation (7.3): 
 
cr
2.0
p


                        (7.3) 
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where σ0.2 is the material 0.2% proof stress and σcr is the elastic buckling stress of the full 
cross-section as used in the direct strength method (DSM) (Schafer, 2008), or conservatively, 
the most slender constituent plate element.  
 
The deformation capacity εcsm/εy, according to the CSM, is defined by the ‘base curve’, given 
by Equation (7.4): 
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where εy = σ0.2/E is the yield strain of the material, E is the Young’s modulus and εcsm is the 
CSM limiting strain of the section. Equation (7.4) was obtained by Gardner et al. (2011) and 
generated by means of all existing stub column test data. In finding the CSM limiting strain, 
Gardner et al. (2011) assumed the following: 
1- For stocky cross-sections of materials with a well-defined yield stress (e.g. hot-
finished carbon steel), where the ultimate load Nu is greater than the yield load Ny, the 
CSM limiting strain εcsm is based on the local buckling strain εlb = δu/L, where δu is the 
end shortening at ultimate load and L is the length of the stub column. Therefore, εcsm 
= εlb.  
2- For stocky cross-sections of materials exhibiting a nonlinear stress-strain response 
(e.g. stainless steel), where the ultimate load Nu is greater than the yield load Ny, the 
CSM limiting strain εcsm is defined by subtracting the plastic strain at the 0.2% proof 
stress from the local buckling strain, implying εcsm = εlb – 0.002.  
3- For slender sections (Nu < Ny and p  > 0.748), the ratio εcsm /εy is defined as the ratio 
of the ultimate load Nu to the yield load Ny (i.e. εcsm /εy = Nu/Ny). 
 
For the calculation of the CSM limiting stress σcsm, Gardner et al. (2011) adopted a bi-linear 
elastic, linear hardening material model as depicted in Figure 7.1, where σcsm is determined 
according to Equation (7.5): 
 
)(E ycsmsh2.0csm   for εcsm ≥ εy                                        (7.5) 
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where Esh is the strain hardening slope calculated from Equation (7.6): 
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                                                        (7.6) 
 
where σu is the ultimate tensile stress of the material and εu = 1 - σ0.2/σu is the strain 
corresponding to σu.  
 
 
 
Figure 7.1: Bi-linear elastic, linear hardening stress-strain model 
 
 
Finally, having established the strain ratio εcsm/εy (i.e. the deformation capacity) of the section 
and having the CSM limiting stress, the cross-section compression resistance Ncsm,Rd and 
major axis bending resistance My,csm,Rd are calculated according to Equations (7.7) and (7.8) 
(Gardner et al., 2011):  
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where A is the gross-cross-sectional area, Wel is the elastic section modulus, Wpl is the plastic 
section modulus and γM0 is the partial safety factor for cross-section resistance, with a 
recommended value of 1.1 (EN 1993-1-4, 2006).  
 
 
7.2.3 Discussion 
 
In this section a brief description of the continuous strength method has been provided. The 
development of the CSM to calculate the compression and bending resistance of a cross-
section according to Gardner et al. (2011) has been outlined. The CSM currently applies only 
to the calculation of the compression and bending resistance of cross-sections. In the 
following sections of this chapter, extension of the CSM to calculate the shear resistance of 
stocky cross-sections is presented.   
 
 
7.3 DEVELOPMENT OF THE CONTINUOUS STRENGTH METHOD 
TO CALCULATE SHEAR RESISTANCE 
 
This section presents the first attempt to extend the continuous strength method to calculate 
the shear resistance of stocky stainless steel plate girders. The approach adopted to develop 
the CSM shear resistance equations is in harmony with the method described in Section 7.2.2 
of this chapter. A relationship between the web slenderness and shear deformation capacity 
has first been found and is explained in detail herein.  
 
7.3.1 Web slenderness 
 
When considering shear buckling, the web slenderness is calculated as defined in Equation 
(7.9): 
 
cr
y
w
τ
τ
λ                         (7.9) 
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where τy is the yield stress in shear (τy = σ0.2w/ ,3 where σ0.2w is the yield strength of the 
web) and τcr is the elastic critical shear buckling stress of the web panel as set out in EN 
1993-1-5 (2006). 
 
The web slenderness limit assumed in this study to define a stocky plate girder is the one 
recommended in EN 1993-1-5 (2006) - wλ < 0.83, beyond which the effect of strain 
hardening becomes less relevant to the shear resistance of plate girders. According to EN 
1993-1-4 (2006), the effect of strain hardening is approximately accounted for by specifying 
the web shear buckling reduction factor χw equal to 1.2 for wλ < 0.5. It is worth noting that 
the choice of wλ < 0.83 in the development of the CSM described herein is considered to be 
an initial assumption that may be subject to further investigation.  
 
 
7.3.2 Shear deformation capacity 
 
7.3.2.1 Shear strain definition 
 
The shear strain γ arising due to the existence of a shear stress τ may be visualized by 
referring to Figure 7.2 in which a rectangular element of material subject to shearing stresses 
in one plane is considered. Those shearing stresses distort the rectangular face of the block 
into a parallelogram. The change of angle due to this distortion is referred to as the 
(engineering) shear strain γ, and is the total measure of shear strain (α + β) in the x-y plane, 
as defined in Figure 7.3.  
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Figure 7.2: Shear strain γ in a rectangular element subjected to uniform shear stress τ 
 
 
 
 
Figure 7.3: Geometric deformation of an infinitesimal material element; definition of the 
engineering shear strain γ 
 
 
7.3.2.2 Shear buckling strain 
 
The test and numerical data reported in Chapters 5 and 6 have been utilized to find the shear 
deformation capacity and subsequently the CSM shear base curve. This involves finding the 
shear buckling strain γsb at the ultimate load of each plate girder and subsequently the CSM 
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shear limiting strain γcsm. Three approaches were followed to find the shear buckling strain γsb 
from the available data: 
 
1- For the tested lean duplex stainless steel plate girders described in Chapter 5, the 
shear buckling strain γsb was found using the measurements of the two diagonal string 
potentiometers. The calculation of the angles (i.e. shear strain) in both diagonal 
directions is depicted in Figure 7.4. 
2- For the generated numerical models, following the successful validation of the FE 
models in Chapter 5, the shear buckling strain γsb was found in a similar manner to the 
above mentioned approach by taking the diagonal measurements directly from 
ABAQUS (2010). 
3- For data from published studies, the shear strain was obtained by calculating the angle 
γδ from the deflection of the plate girder (refer to Figure 7.5). The maximum mid-span 
in-plane deflection was found from published load-displacement curves. The 
maximum deflection comprises both bending and shear deformation. The bending 
displacement can be approximately eliminated by multiplying the total measured 
vertical deflection (i.e. δtotal,test) by a shear deflection factor defined as δs,theory/(δs,theory 
+ δb,theory), where δs,theory is the theoretical elastic shear deflection and δb,theory is the 
theoretical elastic bending deflection. This approach assumes that the ratio of the 
displacements due to bending and due to shear remains approximately constant 
throughout the loading history including into the inelastic regime.  
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Figure 7.4: Calculation of the shear strain γ for the test and FE data using the diagonal 
readings d1 and d2 
 
 
 
 
Figure 7.5: Calculation of the shear strain γδ for published results using the reported total 
vertical deflection δtotal,test, modified as shown to determine δs,test 
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7.3.2.3 CSM shear base curve 
 
Having established the plate girders slenderness and explained the calculation of the shear 
buckling strain γsb (i.e. the shear strain at peak load), the corresponding normalized shear 
deformation capacity of the cross-section γcsm/γy, referred to as the shear strain ratio, is then 
obtained through the base curve given by Equation (7.10) and shown in Figure 7.6. 
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where γy = τy/G is the shear yield strain of the material, 3)1(2 uu  is the ultimate 
shear strain and εu is as previously defined, G = E/2(1+υ) is the shear modulus, υ is Poisson’s 
ratio (= 0.3) and γcsm is the CSM limiting shear strain of the section.  
Equation (7.10) was derived as follows: using an analogous approach to Gardner et al. 
(2011), the CSM limiting shear strain γcsm for each experiment, was defined as follows: 
1- For wλ < 0.83 (i.e. stocky cross-sections), γcsm = γsb – 0.003. The value 0.003 was 
determined by converting the plastic strain at the 0.2% proof stress to a shear plastic 
strain using the conversion given in Equation (7.11), where υ = 0. .  
 
3
εν12
γ

                                           (7.11) 
2- For wλ > 0.83, and Vu,test ≥ Vy (where Vu,test is the ultimate shear load and Vy is the 
yield shear load), γcsm = γsb – 0.003.  
3- For wλ > 0.83, and Vu,test < Vy, the ratio γcsm /γy is defined as the ratio of the ultimate 
shear load Vu to the yield shear load Vy (i.e. γcsm /γy = Vu,test/Vy). 
 
Once the data points for each experiment (i.e. ,λw  γcsm /γy) were positioned, the shear base 
curve (Equation (7.10)) was fitted by means of MATLAB R2012a (2012) curve fitting tool 
using the nonlinear least squares method, ensuring that the curve passed through the point 
,83.0λw  γcsm /γy = 1. The scatter of the data is attributed partly to the inherent variability 
associated with experiments, but may also relate to the different flange geometries between 
the tested plate girders, which is not accounted for in the traditional measure of web 
slenderness. 
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Figure 7.6: Shear base curve – relationship between shear strain ratio and web slenderness 
 
 
7.3.3 Shear resistance according to CSM 
 
The elastic, linear hardening material model used for normal stresses described in Section 
7.2.2 (Figure 7.1) may be converted into a shear stress-strain model (see Figure 7.7) with the 
initial slope defined by the shear modulus G and the linear hardening region defined by the 
shear strain hardening modulus Gsh = Esh/2(1+υ). Hence, similar to Equation (7.5), the CSM 
limiting shear stress can be calculated from Equation (7.12). 
 
)γ(γGττ ycsmshycsm   for γcsm ≥ γy                                      (7.12) 
 
Finally, the web shear resistance Vbw,csm,Rd is given by Equation (7.13) as the product of the 
web area Aw = twhw (where the symbols are as previously defined) and the limiting shear 
stress τcsm. 
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in which γM0 is the partial safety factor for cross-section resistance, with a recommended 
value of 1.1 (EN 1993-1-4, 2006). 
 
 
 
Figure 7.7: Bi-linear elastic, linear hardening shear stress-strain model 
 
 
7.4 COMPARISONS BETWEEN TEST DATA AND DESIGN MODELS 
 
In this section, the continuous strength method is used to predict the resistance of the tested 
and FE plate girders under combined shear and bending. The presented test and numerical 
data were all obtained from Chapters 5 and 6. In applying the CSM, two scenarios have been 
considered; (1) shear resistance calculated according to the codified equations or those 
proposed in Chapter 6 but with the flange contribution calculated according to the CSM (i.e. 
Vb,Rd = Vbw,Rd + Vbf,csm,Rd) and bending resistance calculated according to the CSM (i.e. 
Mcsm,Rd) and (2) both web and flange contributions to the shear resistance found according to 
the CSM (i.e. Vb,csm,Rd = Vbw,csm,Rd + Vbf,csm,Rd) and also the bending resistance calculated 
according to the CSM (i.e. Mcsm,Rd).  
 
A comparison, similar to that carried out in Section 5.4.4 of Chapter 5, between the ultimate 
capacity achieved by the test specimens and FE models, and the predicted capacity according 
to the CSM considering scenarios 1 and 2, assuming proportional loading (i.e. the ratio of 
shear force to bending moment remains constant), is presented in Figures 7.8 and 7.9, 
respectively, in which the predictions of EN 1993-1-4 (2006) and the proposed equations of 
Chapter 6 are also included. The numerical comparisons, including the mean and coefficient 
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of variation (COV) of the CSM, EN 1993-1-4 (2006) and the proposed equations of Chapter 
6 with test and numerical data are presented in Tables 7.1 and 7.2. The comparisons show 
that applying the CSM scenario 1 with the proposed equations of Chapter 6 offers better 
results than applying the CSM scenario 1 with the EN 1993-1-4 (2006) design provisions. 
Furthermore, the comparisons of Figure 7.9 and Table 7.2 show that applying the CSM to 
calculate both the total shear and bending resistances (i.e. scenario 2) gives the most accurate 
predictions of the available data. The mean ratio of test to CSM capacity is 1.11 with a 
coefficient of variation (COV) of 0.07, an enhancement of 10% on average to EN 1993-1-4 
(2006) predictions. Note that only the tests that fall within the CSM limits of applicability are 
compared i.e. pλ ≤ 0.748 and wλ ≤ 0.8 .  A typical example of the enhancement that the CSM 
offer over EN 1993-1-4 (2006) can be seen in Figure 7.10 where the moment-shear 
interaction diagrams of plate girder I-600×200×12×10-1 according to both design methods 
are plotted.  
 
 
 
 
Figure 7.8: Comparison of the CSM scenario 1, EN1993-1-4 (2006) and proposed equations 
of Chapter 6 with plate girder test and FE results 
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Table 7.1: Comparison of the CSM scenario 1, EN1993-1-4 (2006) and proposed equations 
of Chapter 6 with plate girder test and FE results 
No. of tests and FE 
models: 31 
UEN1993-1-4 UCh 6 UEN1993-1-4 + CSM UCh 6 + CSM 
Shear capacity method Vb,Rd,EN 1993-1-4 Vb,Rd,Ch 6 Vbw,Rd,EN 1993-1-4 + Vbf,csm,Rd Vbw,Rd,Ch 6 + Vbf,csm,Rd 
Bending capacity method MEN 1993-1-4 MEN 1993-1-4 My,csm,Rd My,csm,Rd 
Mean 1.21 1.17 1.15 1.11 
COV 0.10 0.12 0.07 0.08 
 
 
  
 
Figure 7.9: Comparison of the CSM scenario 2, EN1993-1-4 (2006) and proposed equations 
of Chapter 6 with plate girder test and FE results 
 
 
Table 7.2: Comparison of the CSM scenario 2, EN1993-1-4 (2006) and proposed equations 
of Chapter 6 with plate girder test and FE results 
No. of tests and FE 
models: 20 
UEN1993-1-4 UCh 6 UCSM 
Shear capacity method Vb,Rd,EN 1993-1-4 Vb,Rd,Ch 6 Vb,csm,Rd 
Bending capacity method MEN 1993-1-4 MEN 1993-1-4 My,csm,Rd 
Mean 1.21 1.19 1.11 
COV 0.07 0.10 0.07 
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Figure 7.10: Moment-shear interaction diagrams according to EN 1993-1-4 (2006) and CSM 
for plate girder  I-600×200×12×10-1 
 
 
7.5 CONCLUDING REMARKS 
 
The importance of developing non-conventional design methods, such as the continuous 
strength method, that account for the true material behaviour of stainless steel (including the 
effect of strain hardening) and subsequently allow for more efficient designs have been 
discussed. An overview of the development of the continuous strength method to predict the 
compression and bending resistances of cross-sections has been provided in this chapter. The 
first attempt to develop the continuous strength method to predict the shear resistance of 
stocky plate girders has been presented. In developing the CSM for shear, several initial 
assumptions have been made, while the general approach is in harmony with the original 
CSM. Comparisons have been made against the test and numerical data collected in Chapters 
5 and 6. These comparisons show that applying CSM to calculate the flange contribution to 
shear resistance and bending resistance (i.e. CSM scenario 1) provides better results than 
using the codified provisions, while adopting CSM to predict both the web and flange 
contributions to shear resistance and the bending resistances (i.e. CSM scenario 2) for stocky 
plate girders provides the best results and offers enhanced capacity predictions.  Finally, the 
CSM for shear is still considered to be under development and more studies are required to 
further refine the method.  
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CHAPTER 8 
 
CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 
 
In this chapter, the key findings and principal conclusions of this research are summarized. 
Following this, suggestions for future research, building on that carried out in this thesis, are 
presented. 
 
8.1 CONCLUSIONS 
 
Lean duplex is a relatively new grade of stainless steel which is currently not included in any 
structural stainless steel design code. The merits of this grade, including its high strength and 
lower cost compared to the commonly used austenitic grades, good corrosion resistance and 
high temperature properties, and adequate weldability and fracture toughness, have 
encouraged the initiation of this research programme. Furthermore, to date, the beneficial 
structural characteristics of stainless steel are not fully exploited as current stainless steel 
design codes are largely based on assumed analogies with carbon steel. This assumption is 
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conservative as stainless steel exhibits significantly different material behaviour to that of 
carbon steel. With initial material cost and efficient design being key drivers in the 
construction industry, the introduction of a new cost-effective stainless steel grade (i.e. lean 
duplex) accompanied by improved design guidance is crucial. Therefore, the core objectives 
of this research have been to investigate the structural response of lean duplex stainless steel 
welded I-sections, assess the applicability of the current Eurocode design provisions to lean 
duplex stainless steel and finally develop more efficient design rules for stainless steel 
structures.  
 
The investigation carried out in this research included reviewing existing design guidance, 
collecting all published test data on stainless steel welded I-sections, conducting laboratory 
tests to examine different structural topics such as compression, bending and shear, 
generating further data using FE modelling in order to study key parameters and to consider a 
wider range of cross-sections, and finally developing and assessing design methods based on 
the existing and generated test data.  
 
The collected test data and the literature review reported in Chapter 2 revealed the relatively 
limited number of experiments carried out on stainless steel welded I-sections with no 
existing on lean duplex stainless steel welded I-sections. However, the data gathered in 
Chapter 2 have been utilized throughout this thesis in order to assess the behaviour of lean 
duplex stainless steel relative to the more commonly used stainless steel grades and to 
validate the applicability of the current and proposed design rules to all stainless steel grades.  
 
A total of twenty four material tests, four stub column tests, and eight three-point and four-
point bending tests were conducted and reported in Chapter 3. The material tests consisted of 
both tensile and compressive coupons and their results were used to determine the material 
stress-strain behaviour. Stub column tests and simple bending tests were carried out to study 
the behaviour of lean duplex stainless steel welded I-sections in compression and bending. 
These tests were the first to be reported on lean duplex stainless steel welded I-sections 
(Saliba and Gardner, 2013b).  The experimental study was complemented by a parallel 
numerical investigation, in which finite element models were initially validated against the 
test results. A good correlation was obtained and therefore the numerical models were 
subsequently used for parametric studies. Based on the obtained test data, the current 
European codified provisions for stainless steel cross-sections were assessed and the 
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behaviour of lean duplex was compared to other stainless steel grades. It was concluded that 
the current Eurocode stainless steel design rules, although conservative, can be safely applied 
to lean duplex stainless steel welded I-sections. The proposed slenderness limits by Gardner 
and Theofanous (2008) were seen to provide better results than the Eurocode, while CSM 
proved to be the best method for predicting the capacity of lean duplex welded I-sections. 
Furthermore, on a normalised basis, the behaviour of lean duplex stainless steel was seen to 
be similar to austenitic and duplex stainless steel welded I-sections.   
 
In Chapter 4, the applicability of plastic design to stainless steel indeterminate structures was 
examined as it is currently not allowed for in the design provisions of EN 1993-1-4 (2006) 
despite the existence of a Class 1 limit and the ductile nature of stainless steel. This is 
considered to be conservative as more efficient designs may be achieved if moment 
redistribution is allowed for in indeterminate structures. Eight two-span continuous beam 
tests were carried out and reported in Chapter 4. Numerical models were generated and 
validated against the test data and parametric studies were subsequently conducted. The 
ultimate capacity predictions of EN 1993-1-4 (2006) were significantly lower than the 
obtained experimental and numerical capacities. This conservatism is due to the lack of 
allowance for inelastic reserves in EN 1993-1-4 (2006). Furthermore, the test ultimate 
capacities were compared to predictions obtained by applying conventional plastic analysis, 
CSM without redistribution and a hybrid CSM plastic design method currently under 
development. Overall, substantial improvements in accuracy could be achieved by allowing 
for the effect of moment redistribution and material strain hardening. 
 
The behavior of lean duplex stainless steel welded plate girders under shear was investigated 
in Chapter 5. A total of twenty eight tensile and compressive coupon tests were carried out to 
determine the material stress-strain characteristics of the tested cross-sections. Nine lean 
duplex stainless steel plate girders of two different web aspect ratios were tested and their 
results were reported in Chapter 5. These tests were the first to be reported on lean duplex 
stainless steel plate girders (Saliba and Gardner, 2013a). A numerical analysis similar to that 
of Chapters 3 and 4 was performed in which the FE models were initially validated against 
the tests, followed by parametric studies.   The results obtained from both the experiments 
and FE showed that the current EN 1993-1-4 (2006) ultimate shear capacity predictions are 
conservative. Furthermore, the current codified treatment, where plate girders with rigid and 
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non-rigid end posts are treated the same was seen to be inappropriate and a distinction 
between the two scenarios was recommended.  
 
A comprehensive review of the shear design methods for steel plate girders was provided in 
Chapter 6 and the codified design provisions for both carbon steel and stainless steel plate 
girders were discussed. The available test data on stainless steel plate girders collected in 
Chapter 2 and the data generated in Chapter 5 were used in comparing the different shear 
design methods available. It was observed that EN 1993-1-5 (2006) and the proposed shear 
design expressions by Estrada et al. (2007) provide better resistance predictions than EN 
1993-1-4 (2006); however, both methods were seen to carry some conservatism. For this 
reason, based on the collected data and comparisons, new design expressions for the 
calculation of the ultimate shear capacity of stainless steel plate girders, accounting for the 
end post condition of the plate girder, were proposed and statistically validated (Saliba et al., 
submitted). The proposed design equations provided, on average, a 10% increase in capacity 
compared to the EN 1993-1-4 (2006) predictions.  
 
In Chapter 7, an overview of the continuous strength method to calculate the compression 
and bending resistances of cross-sections was presented. As part of this research, the CSM 
was further developed for the prediction of shear resistance. The CSM for shear was 
established following the same principles of the original CSM; an explanation of its 
development and the initial assumptions made were provided in detail. The CSM was then 
applied to the test data reported in Chapters 5 and 6. The preliminary findings are that the 
CSM can be extended to also cover shear and that better predictions of test capacity, by 
allowing for strain hardening, may be achieved.  
 
Overall, the objectives of investigating the structural behaviour of lean duplex stainless steel 
welded I-sections and developing appropriate design rules have been met in this thesis. 
Following extensive experimental and numerical analyses, the current codified design 
provisions have been assessed and improvements to EN 1993-1-4 (2006) in terms of cross-
section behaviour, design of indeterminate stainless steel structures and shear resistance have 
been proposed. The application of the design proposals were shown to provide a more 
accurate and more consistent agreement with the ultimate capacities from the test results. It is 
therefore envisaged that the inclusion of lean duplex stainless steel and the adoption of the 
proposed design rules will be considered for incorporation into future revisions of Eurocode 
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3. This will allow designers to make use of the merits of lean duplex stainless steel and 
enable more efficient structural design for stainless steel sections.  
 
 
8.2 RECOMMENDATIONS AND SUGGESTIONS FOR FUTURE 
RESEARCH 
 
Building on the findings of the present project, recommendations and suggestions for future 
research on other aspects of the structural behaviour of stainless steel in general and lean 
duplex stainless steel specifically are provided in this section. 
 
The structural behaviour of lean duplex stainless steel welded I-sections subjected to pure 
compression, uniaxial bending and shear have been successfully examined throughout this 
research. However, in the case of lean duplex stainless steel welded I-sections, other aspects 
of design still require further research.  
 
The behaviour of lean duplex stainless steel welded I-sections long columns has not been 
studied. Experimental and numerical analyses are required to study the flexural buckling of 
these sections. Furthermore, the applicability of the flexural buckling curves of EN 1993-1-4 
(2006) to lean duplex stainless steel welded I-sections needs to be assessed. In Chapters 3 and 
4, lateral torsional buckling was not allowed for in the conducted bending tests. However, the 
study of this phenomenon for stainless steel sections in general and lean duplex welded I-
sections specifically is recommended as it allows for a further understanding of its structural 
behaviour. Moreover, published studies have indicated that the lateral torsional buckling 
design curve of EN 1993-1-4 (2006) (with the imperfection factor αLT = 0.76) is rather 
conservative and does not predict accurately the behaviour of stainless steel cross-sections. 
Therefore, additional structural performance data and further study is required in this area. 
 
The importance of plastic design for stainless steel indeterminate structures was highlighted 
in Chapter 4. The current code should be modified to at least allow for the conventional 
plastic analysis as it was shown herein and in previous published studies to be safely 
applicable to stainless steel. Furthermore, accounting for the material strain hardening of 
stainless steel (i.e. through the CSM) should be considered in the future revisions of EN 
1993-1-4 as significant design enhancements may be achieved. Additionally, experimental 
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and numerical studies on stainless steel multi-span beams and frames is required to further 
develop and validate the above mentioned design methods. 
 
The shear behaviour of stainless steel plate girders was examined throughout Chapters 5, 6 
and 7 where the current design provisions of EN 1993-1-4 (2006) were seen to provide 
conservative shear resistance predictions. The design equations of EN 1993-1-4 (2006) were 
modified in Chapter 6 and now account for the end post condition of the plate girder. 
Significant improvements are obtained by applying the proposed design rules and therefore it 
is recommended that they are incorporated into future revisions of EN 1993-1-4. The 
continuous strength method was developed in Chapter 7 to calculate the shear resistance of 
plate girders. The results obtained showed significant improvements over EN 1993-1-4 
(2006) predictions for stocky cross-sections. However, additional experimental, numerical 
and analytical analyses are required to further develop the method.  
 
Overall, the collected database of test results, the experimental and numerical methods 
employed and the design recommendations made provide a good platform for both 
enhancements to existing design provisions and for further studies. 
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APPENDIX A 
 
STRESS-STRAIN CURVES 
 
 
Figure A.1: Full tensile stress-strain curve for 4 mm material (L= Longitudinal, T= 
Transverse) 
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Figure A.2: Full tensile stress-strain curve for 6 mm material (L= Longitudinal, T= 
Transverse) 
 
 
 
Figure A.3: Full tensile stress-strain curve for 8 mm material (L= Longitudinal, T= 
Transverse) 
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Figure A.4: Full tensile stress-strain curve for 10 mm material (L= Longitudinal, T= 
Transverse) 
 
 
 
Figure A.5: Full tensile stress-strain curve for 12 mm material (L= Longitudinal, T= 
Transverse) 
 
 
 
 
 
0
100
200
300
400
500
600
700
800
0 0.1 0.2 0.3 0.4 0.5 0.6
St
re
ss
 (
N
/m
m
2 )
Strain (mm/mm)
Tensile (L1)
Tensile (T1)
0
100
200
300
400
500
600
700
800
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
St
re
ss
 (
N
/m
m
2 )
Strain (mm/mm)
Tensile (L1)
Tensile (T1)
226 
 
 
Figure A.6: Full tensile stress-strain curve for 15 mm material (L= Longitudinal, T= 
Transverse) 
 
 
 
Figure A.7: Full tensile stress-strain curve for 20 mm material (L= Longitudinal, T= 
Transverse) 
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